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SUMMARY 


Three single, transonic fan stages having differing meridional velocity ratios 
across the rotors were tested with two magnitudes of tip radial distortion and with a 90° 
circumferential distortion imposed on the inlet flow. The fan rotors were approxi- 
mately 50.8 centimeters in diameter and had design operating tip speeds of 425 meters 
per second and a design pressure ratio of 1.60. 

Of the three rotors tested the rotor having the lowest meridional velocity ratio (less 
than 0.9 at the tip) demonstrated the least degradation in performance from tip radial 
distortion. The rotor having the highest meridional velocity ratio (greater than 1.0 at 
the tip) suffered the largest losses in performance due to tip radial distortion. 

Loss and deviation angle data (as needed for performance prediction with radial 
distortion) calculated along actual streamlines for radially distorted flow and correlated 
against diffusion factor, showed consistent agreement with data calculated along design 
streamlines for undistorted flow. The use of off-design calculation codes to predict ra- 
dial distortion performance therefore appears feasible. 

. The tip region of the low meridional velocity ratio rotor displayed a stronger re- 
covery response to the circumferential distortion than did the tip region of the high 
meridional velocity rotor. The hub sections all showed a typical low-recovery response 
with no significant effect of meridional velocity ratio apparent. 


INTRODUCTION 


A principal assumption in compressor and fan design procedure is that the inlet 
flow is uniform and axisymmetric. In actual aircraft applications the inlet flow is often 
nonuniform ^.e., distorted), a condition which can result in severe performance de- 
gradation. Ground-based turbomachinery can also experience distorted inflow produced 
by upstream duct geometry. 

Distortion is characterized by distributions in the inlet flow parameters of velocity, 
pressure, temperature, flow angle, or gas constituency that are different from design 
intent. The variations in these parameters may have a principal bias in the radial di- 
rection, the circumferential direction, or in a combination of both directions . To sim- 
plify the analysis of the very complex, combined patterns that are encountered, varia- 
tions in the radial and circumferential directions are' usually considered separately. 

Analysis of performance with radial distortion follows conventional compressor 
analysis procedures because the relative flow field is axisymmetric and steady; analysis 



of performance with a circumferentially distorted flow field requires a more complex 
model because the flow field is nonaxissmimetric and therefore appears as unsteady to 
the rotor. Unsteady theoretical models applicable to the compressible flow field of 
high-speed compressors are still in the early stages of development. Thus, systematic 
experimental programs are currently necessary to reveal the aerodynamics of compres- 
sor flow with circumferential distortion and to permit more distortion-tolerant designs 
to be evolved. Distortion measurements are taken as part of a general program of fan 
and compressor research conducted at Lewis. Major attention is given to "steady- 
state" distortion patterns (the magnitude and extent are nonfluctuating with time), which 
are produced experimentally by wire mesh screens. 

This report discusses the experimental tip radial and circumferential distortion 
performance of three transonic fan stages, each having different outlet-to-inlet ratios 
of meridional velocity (vector sum of axial and radial velocity components) across the 
rotor. The stages, each having an inlet hub-to-tip radius ratio of 0.5, were designed 
for a pressure ratio of 1. 57 at a rotor tip speed of 425 meters per second. The velocity 
ratio was varied by changing the outer wall contour (tip) while maintaining the same in- 
ner wall (hub) contour for three stages. It is the objective of this study to examine the 
influence of meridional velocity ratio on the response of the rotors to the subject inlet 
distortions. 

In exploring these matters the overall performances of each rotor and stage are 
compared with each other and with similar performances under undistorted flow condi- 
tions. Detailed flow measurements taken at various radial and axial positions are eval- 
uated. Radial distributions of flow parameters and blade-element data are presented 
for design speed and 70 percent of design speed. Overall performance data are evalua- 
ted over the full range of flow conditions and for several speeds. 


APPARATUS AND PROCEDURE 

The apparatus consists of the test facility, single-stage fans, instrumentation, and 
distortion screens. The description of these items is followed by a discussion of test 
and calculation procedures. 


TEST FACILITY 

The tests were conducted in the Lewis single-stage compressor facility (ref. 1), a 
schematic of which is shown in figure 1. Air enters the facility through an inlet on the 
roof and passes through a measuring orifice and into the plenum. It then passes through 
the distortion screens, the test stage, and into a collector from which it is exhausted to 
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the atmosphere. Back pressure on the stage is controlled by a slide valve located in the 
collector. All tests were conducted with atmospheric inlet conditions. 


SINGLE-STAGE FANS 

The pertinent design features of each single-stage fan are presented in table I. 

Each rotor and stator have designated numbers, and the complete stage is described by 
a two-number code. Thus, stage 20-17 consists of rotor 20 and stator 17. All stages 
were designed for the same pressure ratio and temperature ratio at the same flow rate. 
And all stages have nearly the same rotor and stator solidities and aspect ratios as well 
as rotor tip speeds. The meridional velocity ratios were achieved by tapering the outer 
casing while maintaining the same hub contour for all stages. Since all the rotors were 
designed to produce the same overall pressure ratio, but each had differing amounts of 
contouring, some differences in geometric and aerodynamic design distributions (such 
as camber angle) occurred. The principal difference in the three designs, however, is 
the meridional velocity ratio. 

Rotor and stator blade shapes were multiple circular arcs (MCA) for all stages. 

The rotor vibration dampers were located at 57, 50, and 58 percent of span from the tip 
for rotors 20, 11, and 19, respectively (corresponding to the low, reference, and high 
meridional velocity ratio). Stage 11-4 is referred to as the "reference" stage because 
it formed the basis for the study of several design parameters such as specific weight- 
flow, loading, solidity, and meridional velocity ratio. Using stage 11-4 as reference, 
other stages in a series were designed to vary (insofar as was practicable) only one 
principal parameter. 

The design geometries and design blade-element parameters are in tables II 
to Xin. (l^mbols are defined in appendix A, related equations in appendix B, and defi- 
nitions, used in the tables are presented in appendix C.) Because each stage performed 
differently from design to various degrees and because it is not pertinent to this report, 
no comparisons shall be m^e with design. The undistorted performances of stages 
20-17 and 11-4 are presented in references 2 and 3. The performance of stage 19-16 
has not previously been documented. 

The actual meridional velocity ratios produced by each rotor for undistorted flow 
are plotted in figure 2 for the near-peak-efficiency flow condition. Meridional velocity 
ratio of the rotors differed in a clear manner across the whole blade span. The largest 
and most consistent difference occurred in the tip region where the outer casing was 
contoured. To determine the response of the stage with distortion to meridional veloc- 
ity ratio changes, attention was directed to the tip region in the discussion that follows. 
For convenience the rotors (and rotor- stator combinations) will be classified according 
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to their general levels of meridional velocity ratio and referred to as low, reference, 
and high MVR, corresponding to rotors 20, 11, and 19. 


INSTRUMENTATION 


Compressor flow rate was measured using a calibrated thin-plate orifice located in 
the inlet piping (fig. 1). Rotative speed was measured by an electric speed counter in 
conjunction with a magnetic pickup. 

For undistorted and radially distorted flow conditions, surveys were made at 11 ra- 
dial locations and three axial locations Upstream of the rotor, downstream of rotor, 
and downstream of the stator (stations 1, 2, and 3 in fig, 3).) Total pressure, total 
temperature, and flow angle were measured with a combination probe (fig. 4(a)), and 
static pressure was measured with an 8° (included angle) wedge (fig. 4(b)), Each probe 
was positioned with a null-balancing, stream-direction-sensitive control system that 
automatically alined the probe to the direction of flow. One combination probe and one 
wedge static probe were used at each of the three measuring stations. A more com- 
plete description of the instrumentation is given in reference 1. 

For circumferentially distorted flow, radial surveys of the flow field were made at 
five axial locations (stations -1, 0, 1, 2, and 3 in fig. 3), but at only three radial posi- 
tions (near tip, midspan, and near hub). Because of the circumferential variation in 
flow properties, it was desirable to obtain all measurements at the same circumferen- 
tial location. Therefore, a single combination probe was used. (The distortion screen 
was rotated with respect to the probe.) Static pressures were obtained by averaging the 
pressures measured from the taps on the two sides of the 60*^ (included angle) wedge and 
using calibration curves relating these readings with true static pressure. A more 
complete description of this instrumentation is presented in reference 2. 

The estimated errors in the data, based on inherent accuracies of the instrumenta- 
tion and recording systems, are as follows: 


Weight flow, kg/sec 

Rotative speed, rpm 

Flow angle, deg 

Temperature, K 

2 

Rotor-inlet total pressure, N/cm . 

2 

Rotor-outlet total pressure, N/cm 

2 

stator-outlet total pressure, N/cm 

2 

Rotor-inlet static pressure, N/cm 

2 

Rotor-outlet static pressure, N/cm 

2 

Stator-outlet static pressure, N/cm 


, ±0.3 
, ±30 

. ±1 
, ± 0.6 
± 0.01 
± 0.10 
± 0.10 
±0.04 
±0.07 
±0.07 
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DISTORTION SCREENS 


The distortion screen assembly used in the investigation was located 36.25 centi- 
meters upstream of the rotor hub leading edge (fig. 3). The distortion screens were se- 
cured to abackup screen having al.9- by 1.9-centimeter opening and a 0 . 27 -centimeter 
wire diameter. The eight backup-screen struts were streamlined so that each cross 
section resembled an ellipse having a maximum thickness of 0.76 centimeter. 

The circumferential distortion screen was composed of a- 20 by 20 wire mesh 
(20 wires per in. or per 2.5 cm). The screen covered 85° at the outer radius and 135° 
at the inner radius. Wire diameter was 0.051 centimeter, resulting in a 36-percent 
open area. Interaction between the rotor and the resulting distorted flow field produces 
a distortion pattern at the rotor inlet plane that covered 90°. The screen (see fig. 5) 
was rotated to 12 equally spaced circumferential positions to obtain the distortion pat- 
terns measured by the survey probe. 

The high magnitude, radial distortion was produced by a screen composed of 0.051- 
centimeter-diameter wire arranged in a 20 by 20 mesh (36 percent open area) . The ra- 
dial extent of the screen from the tip inward was 4.45 centimeters, which was equiva- 
lent to 35 percent of the flow area at the screen. The low magnitude, radial distortion 
was produced by a screen of 0.081-centimeter-diameter wire arranged in a 7 by 7 mesh 
(61 percent open area). The radial extent of the screen from the tip inward was 5.1 cen- 
timeters, which corresponds to 39.5 percent of the flow area at the screen. 


TEST PROCEDURE 

For tests with only the backup screen in place (reference undistorted inlet flow con- 
dition) and for radial distortion tests, radial surveys were taken for all stages over a 
range of weightflows from maximum flow to near stall at 70 and 100 percent of design 
equivalent speed N/y/T. At 60, 80, and 90 percent of design equivalent speed surveys 
were taken only at the near-stall weight flow. (Hereinafter the adjective "equivalent” 
is implied.) Data were recorded at 11 radial positions for each operating condition. 

For tests with and without distortion the .back pressure was increased for each speed by 
closing the outlet valve until a stalled condition was obtained. Stall or surge conditions 
were indicated by a sudden drop in stage outlet pressure (measured by a midpassage 
monitoring probe and recorded on an X-Y plotter), by large increases in measured 
blade stresses on both rotor and stator, and by a sudden increase in audible noise. 
Radial survey data were taken at a weight flow as close to actual stall as practicable. 

In general, this was within 0.5 kilogram per second of the actual stall weight flow. 

The circumferential distortion test data were taken at 100 and 70 percent of design 
speed. The 100 percent of design speed data were taken at three weight flows, from 
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near stall to maximum weight flow; the 70 percent of design speed data were taken at 
near stall and midflow. Data were surveyed at 10, 45, and 90 percent span from the tip 
for each of the 12 screen positions. 


CALCULATION PROCEDURE 

All data presented in this report have been adjusted such that average rotor-inlet 
conditions correspond to standard-day conditions (total pressure, 10,13 N/cm ; total 
temperature, 288 K). The calculation procedure used for undistorted tests with the 
backup screen (BUS) in place is the same as used for conventional clean inlet tests (see 
ref. 1). In particular, flow streamlines at all operating conditions are assumed to be 
the same as the design streamlines. 

For operation with radial distortion, streamlines were assumed to pass through 
equal-weight-flow Ooints calculated on blade leading and trailing edges along a linear 
path. In this study streamlines across the rotor, for example, were defined by fixing 
radial locations at the trailing edge (same as determined by design streamlines) and 
calculating the corresponding weight flow locations at the leading edge. 

Because of the asymmetric nature of the flow, circumferential distortion data are 
presented at the measuring stations only. No attempts were made to calculate blade- 
element parameters or to translate data to the blade edges. Further details on the cal- 
culating procedure for circumferential distortion data are given in reference 2. 

Overall performance values with the backup screen (BUS) were obtained from a 
mass or energy average of the data taken at 11 radial positions. Values with circum- 
ferential distortion are obtained from three radial positions. To insure accurate com- 
parison of circumferentially distorted and BUS overall performance data, the BUS data 
are recalculated from three radial points. 


RESULTS AND DISCUSSION 


The results of this investigation are presented in two main sections: Performance 
with radially distorted inlet flow and performance with circumferentially distorted flow. 

The reader should note certain distinctions in terminology. Tests on the subject 
stages reported in references 3 and 4 were with truly undistorted or "clean" inlet flow 
(i.e. , no backup screen). All tests discussed in this report were conducted with a 
backup screen in place; additionally, radial and circumferential distortion screens 
were secured to the backup screen for distortion tests. All tests without the distortion 
screens (but with the backup screens) are referred to as BUS tests, and represent flow 
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without distortion. Regions of the flow in which no distortion screens were secured to 
the backup screen are referred to as " undistorted'* regions or sectors. 


PERFORMANCE WITH RADIAL DISTORTION 
Overall Performance 

Two complete speed lines (100 and 70 percent of design speed) were obtained for 
each st^e for flow with radial distortion. Two m^nitudes of distortion were applied 
to the low MVR stage and the high MVR stage, and one magnitude to stage 11-4, the 
reference MVR stage. The magnitude of inlet radial distortion DM for each stage at 
100 and 70 percent of design speed at the near stall condition is as follows; 


Stage 

Rotor 

meridional 

Magnitude of distortion, DM 

0°=const 


velocity 





ratio 


100 Percent of 

70 Percent of 


(a) 


design speed 

design speed 

20-17 

Low 

0,85 

0,18 

0, 

07 




,09 


04 

11-4 

Reference 

,93 

.16 


07 

19-16 

High 

1,04 

,16 






,09 

• 

03 


^At 10 percent span from tip; experimental values (BUS) . 


Overall performance curves (efficiency and total pressure ratio) with and without 
tip radial distortion are shown in figures 6 to 8. With distortion, the low MVR rotor 
operated on the BUS speed line at an efficiency that was greater than BUS levels (fig. 6); 
the reference MVR rotor operated slightly, below the BUS speed line at an efficiency that 
was about equal to the BUS levels (fig. 7); and the high MVR rotor operated below the 
BUS speed line at the lowest efficiency as compared with BUS values . 

At design speed and the hi^er magnitude of radial distortion, all rotors and stages 
displayed essentially the same decrease in stall pressure ratio. This decrease is mea- 
sured by the change in stall pressure-ratio parameter APRS (see definition in appen- 
dix B) and is summarized in table XFV. 

At speeds lower than design all stages stalled at weight flows higher than BUS val- 
ues and displayed the same trends with respect to BUS conditions. However, the differ- 
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ences between distorted and BUS performance were smaller at 70 percent of design 
speed, mainly because DM was smaller. 

Inlet radial distortion causes a rematching of the blade elements, which generally 
resulted in a performance penalty. This behavior is clearly displayed by the reference 
and high MVR rotors (11 and 19), which lost overall pressure ratio, efficiency, and 
stall pressure ratio with tip radial distortion. The rematching of the low MVR rotor 
elements was much less adversely affected; Overall pressure ratio was unaffected, 
efficiency increased slightly, but stall pressure ratio did decline. 


Radial Distribution of Plow Parameters 

Radial distributions in selected rotor flow parameters for the near-stall, tip-radial 
distortion and BUS points are presented in figures 9 to 11. Also presented are BUS 
performance data at approximately the same flow rate as the near-stall flow condition 
with distortion. The plots allow two types of comparisons of flows with and without dis- 
tortion; 

(1) Comparisons at the same weight flow indicate flow shifts and blade-element re- 
matching, which translate into changes in overall performances. 

(2) Comparisons at near-stall operation permit the indentification of highly loaded 
elements and help to explain losses in stall margin. 

The discussion will center mainly on changes in performance and flow from BUS condi- 
tions caused by tip radial distortion. The low magnitude of distortion (DM) was chosen 
for discussion in figures 9 and 11 because data at the same flow rate are available for 
comparison. These data are not available for the high DM. The high DM data are pre- 
sented in figures 24 and 25 where comparisons may be made at the near-stall condi- 
tion only. Stator data for the low DM are presented in figure 12 and for the high DM in 
figure 26. 

Because all rotors responded to the distortion in basically the same fashion, the 
initial portion of the discussion will describe the general response using figure 10 (ref- 
erence MVR rotor 11) and specific differences will be noted later. 

At the rotor inlet, distributions of the inlet specific weight flow parameter pV 

z 

show the effect of the screen in shifting flow from the rotor tip to the hub (fig. 10 (i)). 
The lower than BUS values of V at the tip lead to higher incidence angles, while the 
hub section experiences high axial velocities and low incidence angles. High incidence 
angle tends to load a blade section, while low incidence unloads it. 

A comparison of distorted and BUS temperature ratio distributions across the rotor 
(fig. 10(d)) at the same flow rate shows that the distorted flow energy addition is higher 
at the tip and lower at the hub than the BUS flow condition. This was anticipated from 
the incidence-angle distribution discussed previously. In the tip region, although total- 
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pressure ratio exceeds BUS levels, the magnitude of the outlet total pressure realized 
does not (cf. , figs, 10(b) and (c)). The energy addition is high, but inlet total pressure 
is low because of the distortion. In the hub region, because of low energy addition, the 
outlet total pressure is also below the BUS levels. In general, then, the outlet total 
pressure with distortion is lower than outlet total pressure without distortion (BUS) over 
all or most of the blade span. Therefore, the overall pressure ratio with distortion is 
also lower. The lower average outlet total pressure (and density) also produces a 
higher average outlet axial velocity due to continuity requirements (see fig. 10 (k)), a 
condition which tends to imload the blade. A further effect of distortion is that the 
higher energy addition in the distorted region and lower energy addition in the imdistor- 
ted region tend to reduce the outlet-total-pressure distortion (compared with magnitude 
at the inlet) and the axial velocity distribution follows this behavior. 

These flow and performance changes from BUS conditions discussed previously 
apply to all three rotors, with one notable exception: The low MVR rotor (20) produced 
outlet- total -pressure distributions that closely approximated the BUS distribution, par- 
ticularly in the tip region (fig. 9(b)). This behavior enabled the low MVR rotor to oper- 
ate on the BUS speed line. The high MVR rotor (19), however, was unable to meet the 
BUS total-pressure distribution (fig. 11(b)); consequently, overall, mass-averaged 
pressure ratio was less than BUS values. A significant difference in operation between 
the low MVR and the other rotors can be seen by comparing loss distributions in the tip 
region for BUS and distorted flow conditions (figs. 9(f), 10(f), and 11(f)). The low MVR 
rotor did not show a large increase in loss compared with BUS flow in this region, but 
the other rotors showed notably higher values. Although the reasons for this behavior 
cannot be determined with certainty, it should be observed that, the lower MVR rotor 
had the lowest camber over the outer span of the blade (see tables IV, VIII, and XII); 
thus its loading level was achieved with a relatively greater proportion of diffusion of 
meridional velocity and a lesser amount of fluid turning than the other rotors (see eq. 
(B3)). In addition, a lower camber tends to keep suction-surface Mach numbers, and 
consequent shock losses, lower. 

When comparing near-stall operating points, it is significant that for each rotor, 
values of temperature ratio and D-f actor at the tip were nearly the same for distorted 
and BUS flow conditions. This implies that a critical loading condition (measured by 
temperature-rise or D-factor) was reached in the tip region of each rotor. In each case 
of tip radially distorted flow the condition was reached at a higher flow rate than for 
BUS flow. 

It should be noted that a general characteristic of all of the rotors is a tendency to 
"heal", or diminish, DM across the blade row. The ability to reduce DM suggests that 
the performance of any succeeding stages ^n a multistage arrangement) would not be 
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penalized as much as any of the subject stages. The low MVR rotor displayed the 
strongest tendency to reduce the DM and to achieve undistorted outlet distributions. 

For the stages under consideration the stator performance was generally not ad- 
versely affected by radial distortion. Since rotor-outlet axial velocities were greater 
than BUS values over most of the span, this led to high stator-inlet velocities and Mach 
number and to low incidence angles, particularly in the hub region. The stators there- 
fore, operated in an unloaded manner as indicated by D-factor levels. The loss fol- 
lowed the general trend of incidence angle, and deviation angle was not significantly af- 
fected. In the midspan segment the effects of the rotor damper on stator flow param- 
eters was obvious (see fig, 12). These data also indicate a sharp increase in loss coef- 
ficient and D-factor in the hub region of all stators (95 percent of span from tip), for 
which the cause is unknown. Possible causes are wall boundary-layer separation, local 
choking, or a measurement problem. 


Blade- Element Performance 

With the tip-radial distortion imposed herein, the flow is assumed to be axisym- 
metric, but with the blade elements along the span operating in an off-design mode. In 
principle, this flow can be predicted using off-design calculation codes, provided the 
pertinent relations for loss and fluid turning are known. In this section blade-element 

f 

flow and performance parameters with and without distortion over an operating range 
are compared to determine whether similar relations for loss and deviation can be ap- 
plied. Performance parameters for BUS flow are evaluated along design streamlines, 
as is common practice for undistorted- flow studies, and performance parameters with 
radially distorted flow are evaluated along streamlines calculated at each operating 
point. 

Blade-element parameters are typically presented as functions of incidence angle 
as in figure 13(a). With tip radial distortion, however, the deficit in velocity near the 
tip caused the tip elements to operate at levels of incidence angle higher than BUS oper- 
ation "limits'* over most of the flow range (cf. , solid and open points, fig. 13(a)). 
Whereas under normal conditions blade loading would become excessive at such high in- 
cidence angles, it did not in this case because of an acceleration of meridional velocity 
across the element (see eq. (B3)). The resulting levels of MVR were also beyond the 
range associated with BUS operation (see fig. 13(b)). Similar behavior was noted in a 
single rotor-blade row in reference 5, 

An alternative method of correlation, principally used for blade-element loss coef- 
ficient, is to present the blade-element parameters as functions of diffusion factor D. 
Parameters correlated in this fashion are presented in figures 14 to 16 for selected 
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blade elements. Additional blade-element data for rotors at 70 percent of design speed 
are presented in figures 27 to 29 and for stators at design speed in figures 30 to 32. 

An examination of rotor data reveals that of the parameters considered, incidence 
angle and MVR were significantly affected by tip radial distortion. All rotors showed 
similar response characteristics. Because of the deficiency in inlet velocity, the tip 
elements operated at levels of incidence angle significantly higher than BUS operation 
over the entire operating range (represented by D-factor range) shown in figures 14 
to 16. Conversely, higher velocities at the hub caused it to operate at lower incidence 
angles than BUS operation. Despite the high incidence in the tip, the D-factor (loading) 
level remained similar to BUS levels because the element operated at much higher 
MVR's (figs. 14 to 16), which act to unload the element. The hub elements operated 
with a slight decrease in MVR, but the resultant diffusion was not strong enough to com- 
pensate for the unloading effect of low incidence. Hub D-factors were therefore gener- 
ally lower than BUS values. Energy addition, pressure ratio, deviation angle, and loss 
coefficient responded to blade loading D at nearly the same levels, with and without 
distortion (figs. 14 to 16). An examination of the same parameters at 70 percent speed 
(figs. 27 to 29) shows no significant effect of rotative speed (or Mach number) on the 
distortion response. 

The two parameters of greatest interest for use in predicting radial distortion per- 
formance are deviation angle and loss coefficient. The agreement between the deviation 
angle against D-factor correlation with and without distortion (BUS), with little excep- 
tion, is very good for all three rotors over the entire span (figs. 14 to 16). The loss 
coefficient correlation shows the best agreement for the reference and low MVR rotors. 
The greatest difference between BUS and radially distorted-flow curves occurs at the 
30-percent-of-span-from-tip location. This location is approximately at the edge of the 
screen and is where the largest differences occur between design streamline slope and 
calculated streamline slope with radial distortion. (See fig. 17 (a), which is representa- 
tive of conditions for all rotors.) At 70 percent of design speed (figs. 27 to 29), agree- 
ment between BUS loss against D-factor curves and radial distortion curves is quite 
good. 

The velocity distribution entering the stator was still lower in the tip and hi^er at 
the hub than BUS data at the same weight flow (stator inlet = rotor outlet; see figs. 

9(j), and ll(j)). The stator blade-element performance shows a bit more scatter than 
corresponding rotor results, but the general behavior with distortion was similar to be- 
havior with BUS flow (see figs. 30 to 32). Design streamline slopes and streamline 
slopes calculated for stators from the radial distortion data were quite close (see fig. 
17(b) which is representative of conditions for all stators). 

As noted earlier, since radial distortion presents an axisymmetric, steady flow 
field to a compressor stage, it is possible, in principle, to predict performance of a 
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known stage design using streamline curvature, off-design analysis codes. The input to 
these codes includes empirical correlations of loss coefficient and deviation angle. The 
results of this study indicate that if experimental distortion data are evaluated along 
calculated streamlines, the blade-element deviation angles and loss coefficients corre- 
lated against D-factor show a generally good, although not perfect, agreement with 
imdistorted-flow data. Where differences between distorted- and undistorted- flow data 
did occur, it was at spanwise locations where calculated streamline slopes diverged 
greatly from design streamline slopes (fig. 17). There accordingly appears to be some 
promise in the use of undistorted-flow loss coefficient and deviation angle parameters 
correlated against D-factor to predict rotor and stator performance when operating with 
inlet radial distortion. 


PERFORMANCE WITH CIRCUMFERENTIAL DISTORTION 
Overall Performance 

Overall performance maps for rotor and stage performances are presented in fig- 
ure 18 . Pressure ratio is plotted as a function of weight flow for performance with un- 
distorted flow (BUS) and circumferentially distorted inlet flow. Efficiencies are not 
presented because efficiency is particularly sensitive to the accuracy of the measured 
temperatures, and a radial mass average based on only three points is not sufficiently 
accurate. 

The greatest effects of distortion occur at design speed where the flow is greatest, 
the pressure drop across the screen is greatest, and the corresponding DM is greatest 
The DM for each stage at 100 and 70 percent of design speed at the near-stall condition 
is given in the following table; 


Stage 

Rotor 

meridional 

vpl nni tv 

Magnitude of distortion, 

DM 

r=const, midspan 


ratio 

(a) 

J 

100 Percent of 
design speed 

70 Percent of 
design speed 

20-17 

Low 

0.85 

0.13 

0.06 

11-4 

Reference 

.93 

.12 

.04 

19-16 

High 

1.04 

.13 

.05 


^At 10 percent span from tip; experimental values (BUS). 
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All rotors and stages showed similar overall responses to circumferentially distor- 
ted flow. At design speed, distortion degraded performance: Pressure ratio levels were 
lower; and stall occurred at higher flow rates. 

The change in stall pressure ratio from BUS to circumferentially distorted flow in- 
dicated in figure 18 is summarized in tabel XV. This change is indicated by a change in 
the stall pressure ratio parameter APRS (see definition in appendix B). The BUS val- 
ues of pressure ratio for comparison with circumferential distortion data are based on a 
three-point radial mass average, rather than the usual ll-point average. The losses in 
stall pressure ratio due to circumferential distortion are sustained by the rotors in the 
reference and low MVR stages. The high MVR stage (19-16) suffered a further loss in 
APRS through the stator, as evidence by a larger APRS for the stage than for the ro- 
tor. This is also observable in figure 18(c). Thus the high MVR stage was the most 
adversely affected by circumferential distortion. At 70 percent of design speed stall 
pressure ratio was essentially unaffected by circumferential distortion except in the 
high MVR stage (fig. 18(c) and table XV, APRS). 


Circximferential Flow Distributions 

Conventional compressor data analysis is established on the premise of steady, 
axisymmetric inlet and outlet flow conditions. When the inlet flow is circumferentially 
distorted, some important compressor parameters cannot be accurately calculated be- 
cause (1) the rotor relative flow field is unsteady and (2) the inlet and outlet flow fields 
are nonaxisymmetric . The implication of the latter condition is that blade-element pa- 
rameters such as diffusion factor, loss coefficient, MVR, and efficiency cannot be ac- 
curately calculated because the circumferential location of corresponding inlet and out- 
let conditions cannot be determined with certainty. Even if these parameters could be 
calculated, their applicability would be questionable because of the unsteadiness of the 
flow field. Data analysis is consequently directed toward behavior of selected param- 
eters measured or calculated at each axial station, rather than between two stations. 

The near-stall point at design speed has been selected for detailed data presenta- 
tion and discussion. 

Circumferential distortion has certain characteristic effects on flow through a 
stage. In this section these effects will be noted as they are observed through the ref- 
erence MVR in figures 19 to 21. (The circumferential distributions for the low and high 
MVR stages are presented in figs. 33 and 34. See ref. 2 for a more detailed discussion 
of response characteristics.) 

Flow to rotor inlet . - Flow behind the screen (station -1 of fig. 19) possesses 
square-wave t5q)e of total-pressure and axial-velocity distortions. There is essentially 
no tangential component of velocity ^ig. 20). At the rotor inlet (station 1 of fig. 19) 
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total-pressure distortion is still essentially a square wave (fig. 19); axial velocity dis- 
tortion (fig. 19) is attenuated; and, because of the interaction between the rotor and the 
distorted flow field, tangential velocity components have been induced (fig. 20). The in- 
duced tangential velocities are strongest in the hub region and, in combination with the 
axial- velocity distribution there, produce the largest circumferential variation in inci- 
dence angle. 

In the undistorted sector the incidence angle (fig. 21(h)) is lower than BUS levels 
(solid symbols along the vertical axis), a condition which tends to unload the blade sec- 
tions. In the distorted sector the increasing incidence angle tends to load the blade 
sections to greater than BUS levels. For near-stall operation the rotor-blade sections 
operate momentarily during each revolution at incidence angles higher than those asso- 
ciated. with BUS stall conditions . 

Rotor response . - The circumferential distribution of energy addition to the air by 
the rotor is indicated by the rotor-outlet total temperature (fig. 21(g)). Because inlet 
total temperature is circumferentially constant, the temperature distribution at the out- 
let is representative of temperature rise or temperature ratio. The energy addition 
tends to follow the incidence angle distribution but is also related to the induced-inlet- 
tangential velocity because energy addition is proportional to the change in absolute tan- 
gential velocity across the blade row. 

In the undistorted sector temperature rise is less than BUS level. In the distorted 
sector temperature rise is higher than the BUS level and, for the near-stall condition, 
exceeds the BUS level associated with stall. 

The rotor-outlet-total-pressure distribution (fig. 21(b)) tends to follow the total- 
temperature distribution (0° increasing). In the distorted sector, however, a critical 
condition is reached, after which total pressure decreases even though total tempera- 
ture continues to increase. This is interpreted as a dynamic stall condition and can be 
seen clearly in the tip region and to a lesser degree at midspan. 

The rotor-outlet- axial -velocity distribution (fig. 21(e)) tends to follow the total- 
pressure variation. The low values of, the screen edge (0 = 130° - 150°) near 

the hub result from the momentary unloading experienced by the rotor due to induced 
tangential velocity and low incidence at the rotor inlet. These low axial velocities at 
the rotor outlet produce locally higher stator incidence angles (fig. 21 (i)). 

In the undistorted sector the rotor adds less energy (lower outlet total temperature, 
fig. 21(h)) and produces a lower than BUS density rise. Continuity requires higher 
axial velocities and therefore high Mach numbers (fig. 21 (j)). These higher Mach num- 
bers at the stator inlet can lead to choking and increased profile and shock losses 
across the stators. 

Stator response . - Stators ejqjerience a spatial or steady-state distortion. Since 
no work is done through the stator, the total-pressure distributions are largely un- 
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changed, except for stator-loss contributions. Axial velocity distributions are changed, 
and the most notable effects were observed in the hub region. The flow field down- 
stream of the stator must adjust to a circumferentially constant static pressure and, in 
the presence of a total-pressure distortion, the axial velocity distribution experiences 
the adjustment. Because this adjustment produces a larger axial velocity distortion, 
the effects can be very significant. (See parts (b) of figs. 21, 33, and 34.) 


Discussion of Circumferential Distortion Performance 

A comparison of the responses of the high and low MVR rotors to circumferential 
distortion is made from circumferential plots of total pressure at rotor outlet. These 
total-pressure plots for tip and hub elements operating at three flow conditions at design 
speed and a constant DM of 0. 13 are presented in figure 22. The hub and tip elements 
are selected for review because they are removed from the influence of the damper and 
because, comparing one rotor with another (see fig. 2), the tip and hub elements show 
similar changes in MVR (e.g. , rotor 19's MVR is greater than rotor 20's near the tip 
(1.04 against 0.85) and near the hub (0.95 against 0.84)). 

The outlet-total-pressure responses of the hub elements to the circumferential dis- 
tortion were essentially the same, regardless of MVR; the tip elements, however, dif- 
fered. The low MVR rotor (20) responded strongly in the distorted sector. It compen- 
sated for the imposed total-pressure deficit by overpressuring the flow in part of the 
distorted region. In contrast, the high MVR rotor (19) did not compensate for the im- 
posed total-pressure deficit and, instead tended to pass it downstream. 

The difference between tip and hub responses was expected and is related to the 
differences in velocity triangles associated with blade stagger. The tip is highly stag- 
gered ^60°), and the hub is considerably less so (<30°), which is typical of fan rotors. 
The velocity triangles shown in figure 23 are representative of the tip, the hub, and a 
hypothetical hub section that turns completely to the axial direction. For simplicity, no 
axial velocity ratio change is shown across the rotor. In the figures solid lines indicate 
undistorted flow (design), and dashed lines a reduction of flow due to a distortion (off- 
design). Deviation angle is assumed not to change with distorted flow. It is apparent 
from the figure that, for an equal change in inlet V„, the greatest change in energy ad- 
dition, AVg or AT,j, (and, disregarding losses, AP,p) is realized in the highly stag- 
gered case (a). A smaller energy addition occurs in case (b), and no change occurs in 
a rotor which turns to the axial direction (case (c)). Therefore, the ineffectiveness of 
the rotor-hub elements to remove the distortion, regardless of velocity ratio, was pre- 
dictable, as was the stronger response of the tip elements. What was not predictable 
was that tip elements with low MVR's (like rotor 20) displayed a stronger response to 
circumferential distortion than did those with higher MVR's (like rotor 19) as shown in 
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figure 22. The same trend in recovery with velocity ratio was observed for tip ele- 
ments exposed to a tip radial distortion (see figs. 9(a) and 11(a)). 

The decrease in overall pressure ratio (fig. 18) observed with circumferential dis- 
tortion can be explained in large part by quasi-steady reasoning from the circumferen- 
tial distribution data. For operation with circumferential distortion redistribution of 
flow must occur because of the presence of the screen. At the same flow rate for BUS 
and distorted flows (for comparison, near-stall points are considered sufficiently 
close), the undistorted sector of the annulus must pass flow at a higher axial velocity 
than the corresponding BUS level . Incidence angle and energy addition are therefore 
lower than BUS levels in the undistorted sector. With less energy addition the outlet 
total pressure and density are also lower. Outlet axial velocity must be greater than 
BUS levels because of continuity requirements. The circumferential and radial distri- 
bution of parameters are translated into overall performance by a mass-averaging pro- 
cess. Since axial velocity is greater than average in the larger undistorted sector 
(270®), this sector is weighted more heavily in calculating overall performance, and it 
is in this sector that energy addition and total pressure are lower than BUS levels. 
Therefore, lower overall pressure ratio will be realized from circumferentially dis- 
torted flow simply because of flow redistributions associated with continuity, mass av- 
eraging, and radial equilibrium requirements. 

For all rotors tested the stalling weight flow at design speed was sli^tly higher 
with circumferential distortion than without it. Stall is apparently initiated when criti- 
cal flow is attained in the tip region of the rotor (as was the case for tip radial distor- 
tion, see p. 9). With circumferential distortion the critical flow condition is reached 
in the distorted sector for a very short time during each evolution of the rotor. The 
process described is essentially the dynamic stalling process, but its precise role in 
setting the overall stall limits of a compressor blade row is not clear or predictable at 
present. The fact that the circumferential extent of increased energy addition (in the 
distorted sector) exceeds the circumferential extent of increased total pressure (cf. 
figs. 20(c) and (a)) at the near-stcdl point suggests that additional losses from steady- 
state levels are being incurred and may be the source of the flow breakdown. 

As noted in the previous section, stator inlet Mach numbers are significantly in- 
creased with distortion as a result of flow redistributions. This was a particularly 
critical problem in stator 16 (operated with the high MVR rotor). To maintain an ade- 
quate choke margin, stator 16 was designed with greater amounts of front camber and 
consequently higher suction-surface Mach numbers. The combination of this condition 
with the higher than normal inlet Mach number due to distortion most likely produced 
increased shock losses. This is the probable cause for the large difference in overall 
pressure ratio between rotor 19 (high MVR) and stage 19-16 at high weight flows (de- 
sign speed) in figure 18 (c) . 
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SUMMARY OF RESULTS 


Three transonic fan stages having differing meridional velocity ratios across the 
rotors were tested with two magnitudes of tip radial distortion with a 90° circumfer- 
ential distortion imposed on the inlet flow. Distortions were produced by wire mesh 
screens secured to a support (or backup) screen. The fan rotors were approximately 
50.8 centimeters in diameter and had design operating tip speeds of 425 meters per 
second and a design pressure ratio of 1.60. Overall performance and detailed flow pa- 
rameters at several radial positions were measured. The following results were ob- 
tained: 

1. The rotor having the lowest meridional velocity ratio (less than 0.9 at the tip) 
demonstrated the least degradation of performance from a tip radial distortion. Its 
ability to almost achieve undistorted-flow outlet-total-pressure distributions enabled it 
to operate essentially on the undistorted-flow design speed line. The rotor having the 
highest meridional velocity ratio ^eater than 1.0 at the tip) sustained the largest 
losses in performance due to tip radial distortion, 

2. When correlated against diffusion factor, tip radial distortion data evaluated 
along calculated streamlines compared well with undistorted blade-element data eval- 
uated along design streamlines. It therefore appears feasible to predict radial distor- 
tion performance with axisymmetric, streamline-curvature, off-design calculation 
codes using correlations of loss and deviation angle against diffusion factor obtained 
from undistorted flow tests. 

3. The tip region of the low-meridional-velocity-ratio rotor displayed a stronger 
recovery to the circumferential distortion than did the tip region of the high-meridional- 
velocity rotor. The hub sections all showed a typical low recovery with no significant 
effect of meridional velocity ratio apparent. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, January 3, 1979, 

505-04. . 
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APPENDIX A 


SYMBOLS 


BUS 

D 

DM 

^ss 

M 

MVR 

N 

P 

AP 

PR 

P 

r 

SPFT 

T 

TR 

U 

V 

w 

z 

“s 

/3 

y 

6 


- p . )/p 
max mm' max 


backup screen 

diffusion factor (D-factor) 

distortion magnitude, (P^, 

suction-surface incidence angle, angle between inlet air direction and line 
tangent to blade suction surface at leading edge, deg 

Mach number 

meridional velocity ratio, outlet to inlet 
rotative speed, rpm 

o 

total pressure, N/cm 

P „ - P . , N/cm^ 
max min’ 

total pressure ratio 

2 

static pressure, N/cm 
radius, cm 
span from tip 
total temperature, K 
total temperature ratio 
wheel speed, m/sec 
air velocity, m/sec 
weight flow, kg/sec 

axial distance from rotor blade hub leading edge, cm 

cone angle, deg 

slope of streamline, deg 

air angle, angle between air velocity and axial direction, deg 

relative meridional air angle based on cone angle, arctan 
(tan cos a^/cos a^), deg 

ratio of specific heats 

2 

ratio of rotor inlet total pressure to standard pressure of 10. 13 N/cm 
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6° deviation angle, angle between outlet air direction and tangent to blade mean 

camber line at trailing edge, deg 

T) efficiency 

0 ratio of rotor inlet total temperature to standard temperature of 288 . 2 K 

0° circumferential position, deg 

angle between blade mean camber line and meridional plane, deg 

K angle between blade suction- surface camber line at leading edge and meri- 

ss 

dional plane, deg 

q 

p density, kg/m 

a solidity, ratio of chord to spacing 

cj total loss coefficient 

Subscripts: 

ad adiabatic (temperature- rise) 

d distortion 

id ideal 

LE blade leading edge 

m meridional direction 

max maximum 

min minimum 

ref reference 

s stall 

ss suction surface 

TE blade trailing e(^e 

u imdistorted 

z axial direction 

6 tangential direction 

-1 first instrumentation plane between distortion screen and rotor (fig. 3) 

0 second instrumentation plane between distortion screen and rotor (fig. 3) 

1 third instrumentation plane upstream of rotor (rotor inlet) (fig. 3) 
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2 


instrumentation plane between rotor and stator (fig. 3) 
3 instrumentation plane downstream of stator (fig. 3) 

Superscript: 

' relative to blade 
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APPENDIX B 


EQUATIONS 

Suction-surface incidence angle: 


ss 



K 


SS 


Deviation angle: 
Diffusion factor: 


D = 



Velocity 

diffusion 

term 


KU- 

(rxE ^lE^^^^LE^ 

V ' 

Fluid turning term 


Total-loss coefficient: 


Hd)^^ ~ ^'>TE 

^'^LE ~ ^^LE 


(Bl) 


(B2) 


(B3) 


(B4) 


Adiabatic (temperature rise) efficiency: 


^ad = 


PR(r-i)/y_ 1 

TR - 1 


(B5) 


Equivalent weight flow: 



(B6) 
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Equivalent rotative speed: 



(B7) 


Loss in stall pressure ratio: 


APRS = 


PR 


1 - 


d, s 


PR. 


u, s 


N 

V? 


Constant 


(B8) 
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APPENDIX C 


ABS 

aero chord 
area ratio 

BE TAM 
CONE ANGLE 

DELTA INC 

dev 

D-FACT 

EFF 

IN 

INCIDENCE 

KIC 

KOC 

KTC 

LOSS COEFF 

LOSS PARAM 
MERE) 

MERID VEL R ' 
OUT 

PERCENT SPAN 
PHISS 


DEFINITIONS AND UNITS USED IN TABLES 


absolute 


aerodynamic chord, cm 

ratio of actual flow area to critical area (where local Mach num- 
ber is 1) 

nieridional air angle, deg 

angle between axial direction and conical surface representing 
blade element, deg 

difference between mean camber blade angle and suction-surface 
blade angle at leading edge, deg 

deviation angle (defined by eq. (B2)), deg 

diffusion factor (defined by eq, (B3)) 

adiabatic efficiency (defined by eq. (B5)) 

inlet (leading edge of blade) 

incidence angle (defined by eq, (Bl)) 

angle between blade mean camber line at leading edge and 
meridional plane, deg 

angle between blade mean camber line at trailing edge and 
meridional plane, deg 


angle between blade mean camber line at transition point and . 
meridional plane, deg 

loss coefficient (total defined by eq. (B4) and profile defined by 
eq. (B6)) 

loss parameter, w cos(/?'- j 



meridional 


meridional velocity ratio 

outlet (trailing edge of blade) 

percent of blade span from tip at rotor outlet 

suction-surface camber ahead of assumed shock location, deg 
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PRESS 

PROF 

RADII 

REL 

RI 

RO - 

RP 

SETTING ANGLE 
SOLIDITY 
SPEED 
SS 

STREAMLINE 

SLOPE 

TANG 

TEMP 

TI 

TM 

TO 

TOT 

TOTAL CAMBER 
VEL 

X FACTOR 


ZIC 

ZMC 

zoc 

ZTC 


pressure, N/cm^ 
profile 

radius, cm 

relative to blade 

inlet radius (leading edge of blade), cm 
outlet radius (trailing edge of blade), cm 
radial position 

angle between aerodynamic chord and meridional plane, deg 

ratio of aerodynamic chord to blade spacing 

speed, m/sec 

suction surface 

slope of streamline, deg 

tangential 
temperature, K 

thickness of blade at leading edge, cm 
thickness of blade at maximum thickness, cm 
thickness of blade at trailing edge, cm 
total 

difference between inlet and outlet blade mean camber lines, deg 
velocity, m/sec 

ratio of suction-surface camber ahead of assumed shock location 
of a multiple-circular-arc blade section to that of a double- 
circular-arc blade section 

axial distance to blade leading edge from inlet, cm 

axial distance to blade maximum thickness point from inlet, cm 

axial distance to blade trailing edge from inlet, cm 

axial distance to transition point from inlet, cm 
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TABLE I. - STAGE DESIGN FEATURES 


Parameter 

Meridional velocity ratio 

Low 

1 

Reference 

High 

Stage 

20-17 

11-4 

19-16 

Rotar pressure ratio 

1.60 

1.60 

1.60 

Stage pressure ratio 

1.57 

1.57 

1.57 

Rotor temperature ratio 

1.16 

1.16 

1.16 

Rotor adiabatic efficiency 

0.881 

0.889 

0.899 

Stage adiabatic efficiency 

0.847 

0.855 

0.859 

Equivalent' flow rate,' kg/sec 

29.48 

29.48 

29.48 

Solidity, rotor tip 

1.31 

1.30 

1.31 

Solidity, stator tip 

1.31 

1.27 

1.31 

Aspect ratio, rotor 

2.5 

2.5 

2.5 

Aspect ratio, stator 

2.4 

2.4 

2.4 

Rotor tip speed, m/sec 

426 

425 

423 

Rotor tip radius at inlet, cm 

25.28 

25.20 

25.09 

Stator tip radius at exit, cm 

25.15 

24.38 

23.81 

Rotor inlet hub-to-tip radius ratio 

0.5 

0.5 

0.5 

Rotor meridional velocity ratio (at tip) 

0.73 

0.81 

0.90 
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TABLE n. - DESIGN BLADE-ELEMENT PARAMETERS 
FOR LOW MVR ROTOR 20 



RADII 

ABS 

BET AM 

REL 

BETAH 

TOTAL 

TEMP 

TOT AL 

PRESS 

RP 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

RATIO 

IN 

RATIO 

TIP 

25.201 

25.171 

0. 

45.7 

66.5 

64.6 

288.2 

1.204 

10.13 

1 .601 

1 

2A.724 

24.514 

-0. 

43.4 

65.7 

63.6 

280.2 

1.190 

10.13 

1.601 

2 

24.156 

24.057 

0. 

41.9 

64.9 

62.6 

200.2 

1.181 

10.13 

1 .501 

5 

21 .010 

21.029 

■ 0. : 

40.0 

51 .9 

58. 1 

2.96.2-, 

1.164 

■ 10.13 

1 .601 

i 

19.3.95 

19.601 

0. 

42.0 

58.9 

51.8 

268.2 

1 .157 

10.13' 

1 .601 

S 

1 0. T04 

19.044 

0. 

42.5 

50.1 

49.8 

208.2 

1.155 

10.15 

1 .601 

e 

18.451 

10.766 

0. 

42.7 

57.7 

40,7 

.298.2 

1.155 

10.13 

1.601 

7 

10.155 

10.407 

O.r 

43.0 

57.3 

47.5 

288.2 

1.154 

10.13 

1.601 

0 

t:.019 

10.209 

0. 

43.2 

56.9 

46.3 

268-. 2 

1.154 

10.15 

1 .601 

9 

15.651 

.17.373 

0. 

44.1 

55.6 

42.3 

288.2 

1 .153 

10.13 

1 .601 

to 

14.130 

15.145 

0. 

47.7 

51.8 

27. 1 

- 288.2 

1.154 

10.13 

1 .601 

1 1 

13.400 

14.580 

0. 

49. 1 

50.6 

21 .6 

288.2 

1.155 

10.13 

1 .601 

HUB 

12.700 

14.031 

0. 

50.6 

49.4 

15.3 

288.2 

1 . 158 

10.13 

1 .601 



ABS 

-VEL 

REL 

VEL 

MERIC 

1 VEL 

TAN 

6 VEL 

KHEEL 

SPEED 

RP 

IN 

- OUT 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

■ OUT' 

TIP 

165.6 

194.1 

464.9 

316.0 

185.6 

135.6 

0. 

138.9 

426.2 

424.4 

1 

168.4 

193.1 

457.5 

315.1 

168.4 

140.2 

-C. 

152.8 

416.9 

415.0 

2 

1 90. 9 

193.0 

449.8 

31 1 .8 

190.9 

145.7 

0. 

128.9 

407.3 

405,6 

3 . 

196.3 . 

197.1 

416.8 

282.0 

196.3 

149.2 

0. 

128.0 

■36'. 7 

368.0 

4 

196.9 

204.9 

331 .6 

246 . 1 

196.9 

152.5 

0. 

137.1 

326 . 8 

530.5 

5 

1 9o'. 6 

207.6 

372.5 

237.0 

196.6 

153.1 

0. 

140.2 

. 316.4'- 

.32.1 .-1 

6 

196.3 

208.9 

367.9 

232.5 

195.5 

153.5 

0. 

141,8 

311.1. 

316.4 


196.0 

210.4 

363.2 

228.1 

196.0 

153.9 

0. 

143.4 

305.8 

■ 5 ; 1 .7 

0 

195.7 

211.9 

350.5 

223.7 

195.7 

154.4 

0. 

145.2 

300.4 

30'.: 

9 

1 94.2 

21'. 0 

344.2 

210.7 

194.2 

155.8 

0 . 

151 . 1 

284 , 1 

292 . 9 

1 0 

107i7 

235.7 

305.3 

173.0 

187.7 

158.5 

0. 

174,4 

238.2 

255.3 

1 1 

185.7 

242.3 

292.6 ' 

170.6 

185.7 ■ 

158.7- 

, -0'.. 

183,1 

226.1 

246.0 

H.-a 

. 183.8 

249.9... 

282.2. 

164.5 

.103.8 

158.6 

0. 

193. 1 

214.1 

236.6 


ABS. MACH no' 

REL MACH .NO 

KERID MACH NO STREAMLINE SLOPE KERID PEA< SS 

RP 

.IN 

OUT , , 

IN 

OUT 

IN 

OUT 

IN 

OUT 

VEL R 

MACH n: 

TIP 

0.563 

0.535 

1.409 

0.871 

0.563 

0.373 

-2.68 

-1.59 

0 . 75 ; 

1 .528 

I ; 

0.572 

0.535 

1.338 

0.873 

0.572 

0.388 

-2.24 

-1.43 

0.744 

1 .519 

2 

0.580 

0.53. . 

1 . 366 

0 . 667 

0.580 

0.400 

-1 . 70 

-1,14 

0.753 

1.510 

3 

0.597, . 

0.555 

1.260 

0.791 

0.597 

0.419 

1 .22 

1,06 

0.760 

1 .490 

4 

0.599 

0.578 

1 . 161 

0.695 

0.599 

0.430 

4.65 

3.93 

0.775 

I .477 

5 

0.598 

0.587 

1.133 

0.670 

0.598 

0.433 

5.08 

4.80 

0.779 

1 .476 

6 

0.597 

0.591 

t'.ttg 

0.658 

0.597 

0.434 

6.43 

5.23 

0.782 

1 .'476 

7 

0.596 

0.596 

1.105 

0 . 646 

0.596 

0.456 

7.00 

5.66 

0.785' 

■1 .476 

8 

0.595 

0.600 

1.090 

0.634 

0.595 

0.437 

7.58 

6.11 

0.739 

1 ;47'7 

9 

0.590 

0.616 

1.046 

0.598 

0.590 

0.442 

9.47 

7.54 

0.802 

1.481 

10 : 

0.569 

0.673 

0.920 

0.509 

0.569 

0.453 

15.94 

11.97 

0.844 

1.403 

1 1 

0.563 

0.694 

0.887 

0.468 

0.563 

0.454 

,18.03 

13.24 

.0.854 

.1.365 

HUB 

0.557 

-0.717 

0.855 

0.472 

0.557 

0.455 

20.24 

14.58 

0.863 

1.328 



PERCENT 

INCIDENCE 

DEV 

D-EACT 

EPF 

LOSS COEFF 

LOSS PARAM 

RP 

SPAN 

MEAN 

SS 




TOT 

PROF 

TOT PROF 

TIP 

,0. 

2.5 

0.0 

5.4 

0.455 

0.706 

0.235 

0.148 . 

0.059 0.024 

1 

5.00 • 

2.8 

-0.0 

4.8 

0.420 

0.755 

0.191 

0.103 

0.032 0.018 

2 

10.00 . 

3.0 

0.0 

4.4 

0.412 

0.796 

0.156 

0.078 . 

0.026 0.013 

5 

30. 00- 

4. 1 

0.0 

2.9 

0.427 

0.078 

0.094 

0.055 

0.017 0.006 

4 

50.00 

5.2 

0.0 

2.6 

0 . 462 

0.919 

0.068 

0.025 

0.012 0.005 

5 

55.00 

5.5 

0.0 

2.8 

0.473 

0.925 

0 . 065 

0.0.26 

0.012 0;005 

6 

57.50 

5.6 

0.0 

2.9 

0.470 

0.928 

0.063 

0.026 

0.012 -0.005 

7 

60.00 

5.7 

0.0 

2.9 

0.483 

0.931 

D.OCl 

0.025 

0.011 0.005 

8 

62.50 

5.9 

0.0 

3.0 

0.488 

0.934 

0.059 

0.025 

O.CM 0.005 

9 

70.00 

6.3 

0.0 

, 3.6 

0.504 

0.941 

0.056 

0.027 

Q.Ott Q.QQ5 

to 

90.00 

7.2 

0.0 

6.2 

0.543 

0.935 

0.074 

0.065 

0.014 0.013 

1 1 

95.00 

7.’5 

0.0 

7.0 

0.552 ■ 

0.925 

0 . 092 

0.087 

0.018 0.017 

HLB 

100.00. 

7.7 

0.0 

- 7.8 

0.558 

0.911 

0.1 1.7 

.0.115 

0.022 .0.022 


26 
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RiDl I 

ABS BET AM 

RCL 

BET AM 

TOTAL 

TEMP 

total 

PRESS 

RP 

IN OUT 

IN 

OUT 

IN 

OUT 

IN 

RATIO 

IN 

RATIO 

TIP 

25. 1^0 25.1^6 

44.7 

0. 

44.7 

0. 

547.0 

1.001 • 

16.22 

0.976 

I 

24.597 24.600 

42.0 

-0. 

42.0 

-0. 

345.0 

I .000 

16.22 

0.922 

2 

24.057 24.110 

40.3 

0. 

40.3 

0. 

540.2 

1.000 

16.22 

0.985 

3 

21.962 22.133 

38.6 

0. 

38.6 

0. 

355.3 

1.000 

16.22 

0.989 

i 

19.882 20.160 

39.4 

0. 

39.4 

0. . 

333.3 ■ 

l-.OOO 

16.22 

0.987 

5 

19.364 19.670 

39.8 

0. 

39.8 

0. 

355.0 

1 .000 

16.22 

0.936 

b 

19.105 19.426 

40.0 

0. 

40.0 

0. 

332.8 

1 .000 

16.22 

0.925 

'7 

18.846 19.182 

40.2 

0. 

40.2 

0. 

352.7 

1.000 

16.22 

0.986 

8 

18.588 18.939 

40.5 

0. 

40.5 

0. 

332.5 

1.000 

16.22 

0.985 

9 

17.812 18.213 

41 .2 

0. ■ 

41.2 

0. 

332.2 

1.000 

16.22 

0.984 

10 

15.750 16.298 

44.5 

0. 

44.5 

0. 

332.5 

1.000 

16.22 

0.970 

1 1 

15.233 15.815 

45.7- 

0. 

45.7 

0. 

333.0 

1.000 

16.22 

0.959 

HUB 

14.732 15.240 

47. 1 

-O’. 

47.1 

-0. 

333.6 

1 . 000 ■ 

16.22 

0.942 



ABS 

VEL 

REL 

VEL 

MERIO VEL 

TANG VEL 

WHEEL SPEED 

RP 

IN 

OUT 

IN - 

OUT 

IN 

OUT 

IN 

OUT 

. IN 

OUT 

TIP 

198.2 

151 .4 

198.2 

151.4 

140.9 

151.4 

159.4 

0. 

0. 

0. 

1 

198.5 

153.8 

198.5 

153.8 

147.4 

155.8 

152.9 

-0. . 

0. 

- 0. 

2 

199.4 

155.6 

199.4 

155.6 

152.2 

155.6 

128.9 

0. 

0. 

0. 

3 

205.3 

158.8 

205.3' 

158.8 

160.5 

158.8 

128.0 

0. ■ 

0. ' 

■ 0.' 

4 

212.8 

163.5 

212.8 

160.3 

164.4 

160.3 

135.2 

0. 

0. 

0. 

5 

215.2 

160.7 

■ 215.2 

160.7 

• 165.3 

160.7 

137.9 

0. 

0. 

0. 

6 

216.5 

161.0 

216.5 

161.0 

• 165.7 

161.0 

139.2 

0. 

0. 

0. 

7 

217.8 

161.3 

217,8 

161.3 

•66.2 

161.3 

140.7 

0. 

0. 

0. 

8 

219.1 

161.7 

219. 1 . 

161.7 

166.7 

161.7 

142.2 

0. . 

. 0. 

. 0. 

9 

223.5 

162.5 

223.5 

162.5 

168. 1 

162.5 

147.4 

0. 

0. 

0 , 

10 

239.4 

158.7 

239.4 

158.7 

170.9 

158.7 

167.7 

0. 

0. 

0. 

1 1 

245.0 

155. 1 

245.0 

155.1 

171.1 

155.1 

175.3 

0. 

0. 

c. 

HUB 

251 .2 

149.6 

251 ,2 

149.6 

171.1 

149.6 

185.9 

-0. 

0. 

0. 


ABS MACH NO 

REL MACH NO 

MERIO MACH NO 

STREAML 1 

INE SLOPE 

MERIO 

PEA< SS 

RP 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

OUT 

VEL R 

MACH NO 

TIP 

0.547 

0.412 

0.547 

0.412 

0.389 

0.412 

0.13 

-0.53 

1.075. 

0.850 

1 

0.551 

0.422 

0.551 

0.422 

0.409 

0.422 

0.75 

0.02 

1.044 

0.627 

2 

0;555'- 

0.428 

0.556 

0.428 

0.424 

0.428 

1 .26 

0.44 

1.022 

0.814 

3 

0.578 

0.441 

■ 0.578 

0.441 

0.452 

0.441 

2.65 

1.67 

0.985 

0.815 

4 

0.602 - 

0.447 

0.602 

0.447, 

0.465 

0.447 

4.50 

2.65 

0.975 

0.841 

5 

0.610 

0.448 

0.610 

0.448 

0.468 

0.448 

4 . 96 

2.88 

0.975 

0.851 

. 6 . 

0.614 

0.449 

•0.614 

0'.449 

0;470 

•0.449 

5.21 

3.00 

O'. 972' 

' 0.856 

7 

0.618 

0.450 

0.618 

0-;450 

• 0.472 

0.450 

5.46 

3.12 

0.971 

. 0.861 

' 8 

0.622 

0.451 

0.622 ■ 

0.451 

- 0.473 

0.451 

5.72 

3.24 

0.970' 

0.'8S6 

9 

,0.636 

0.454 

0.636 

0.454, 

0.478 

0.454 

6.57 

3.62 

0.967 

0.885 

. to 

0.685 

0.445 

•0.685 

0.4-45 

0.489 

0.443 

9.30 

4.55 

0.929 

0.558 

■ 11 

■ 0.702 

0.452 

0.702- 

0.432 

,0.490 

0.452 

10.06 

4.62- 

0.906 

■ 0.986' 

HUB 

0.721 

0.416 

0.721 

0.416 

0.491 

0.416 

, 10.83 

4.62 

0.875 

1.020 


PERCENT 

•• INCIDENCE 

DEV 

D-rACT 

Err 

LOSS coErr 

LOSS PARAM 

RP 

SPAN 

MEAN 

SS 




TOT 

PROP 

TOT 

PROP 

TIP 

0. 

6.1 

0.0 

14.2- 

0.515 

0. 

0.141 

0.141 

0 . 056 

0.056 

I. 

5. CO- 

. 6.1 

0.0 

12.3 

0.483 

0. ■ 

0.093 

0.008 

0.0. T8 

0.038 

2 

10. 03 

6.2 

0.0 

11.1 

0 . 463 

0. 

• 0.077 

0.077 

0 . o;^o 

0.029 

3. 

■30. 00- 

6.2 

. 0.0 

9.4 

0.441 

0. 

0 . 055 

0.055 

0.019 

0.019 

4 . 

50.00 

6.2 

0.0 

8.9 

0.444 

0. 

0.060 

0.060 

0.019 

0.019 

' 5 , 

55.00 

6.2 

0.0 

8.8 

0.447 

0.- 

• 0 . 062 

0.062- 

07019 

0.019 

6 

57.60 

6.2 

0.0 

8.6 

0.44S 

0. 

0.063 

0.063 

0.019 

0.019 

. 7 

60.30 

■- 6.1 

0.0 

8.8 

0.449 

0. 

, 0.064 

■0.064 

0.019 

0.019 

8 

62.50 

6.1 

0.0 

8.7 

0.450 ' 

0. 

• 0.065 

0.065 

0.019 

0.019 

9 

■70.00 

6.1 

0.0 

8.7 

0.456 

0. 

0.067 

0.067 

0.019 

0.019 

10 

90.00 

6.1 

0.0 

8.8 

0.509 

0. 

0.110 

0.110 

0.027 

0.027 

1 1 

95.30 

6. 1 

0.0 

8.9 

0.536 

0. 

0 . I 4d 

0.146 

0.035 

0.055 

HUB 

103.00 

6.1 

0.1 

9. 1 

0.572 

0. 

0.202 

0.202 

0.047 

0.047 
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TABLE VI. - DESIGN BLADE -ELEMENT PARAMETERS FOR 


REFERENCE MVR ROTOR 11 



RADII 

ABS BETAM 

Ra BETAM 

TOTAL 

TaiP 

TOTAL PRESS 

RP 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

RATIO 

IN 

RATIO 

TIP 

25.197 

24.816 

0. 

43.1 

67.1 

62.6 

288.2 

1.198 

10.13 

1.601 

1 

24.828 

24.280 

-0. 

41.3 

66.1 

61.7 

288.2 

1.186 

10.13 

1.601 

2 

24.060 

23.744 

0. 

40.0 

65.1 

60.7 

288.2 

1.177 

10.13 

1.601 

3 

21.741 

21.600 

0. 

39.3 

61.5 

56.0 

288.2 

1.163 

10.13 

1.601 

4 

19.980 

19.992 

0. 

40.0 

59.1 

51.5 

288.2 

1.157 

10.13 

1.601 

5 

19.658 

19.724 

0. 

40.2 

58.7 

50.6 

288.2 

1.157 

10.13 

1.601 

6 

19.358 

19.456 

0. 

40.4 

58.2 

49.7 

288.2 

1.156 

10.13 

1.601 

7 

19.052 

19.188 

0. 

40.7 

57.8 

48.7 

288.2 

1.156 

10.13 

1.601 

8 

18.747 

18.920 

0. 

40.9 

57.4 

47.6 

288.2 

1.155 

10.13 

1.601 

9 

16.871 

17.313 

0. 

42.5 

54.9 

40.4 

288.2 

1.153 

10.13 

1.601 

1.0 

14.202 

15.169 

0. 

45.8 

51.1 

26.0 

288.2 

1.153 

10.13 

1.601 

11 

13.492 

14.633 

0. 

47.1 

50.0 

21.0 

288.2 

1.155 

10.13 

1.601 

HUB 

12.700 

14.097 

0. 

48.4 

48.7 

15.4 

288.2 

1.157 

10.13 

1.601 


' ABs va 

Ra 

VEL 

MERID 

va 

TANG VEL 

WHEa 

SPEED 

RP 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

OUT' 

TIP 

179.2 

199.9 

461.1 

317.2 

179.2 

145.9 

0. 

136.7 

424.8 

418.4 

1 

184.1 

199.1 

454.2 

315.8 

184.1 

149.7 

-0. 

131.3 

415.2 

409.4 

2 

188.4 

199.2 

447.3 

312.2 

188.4 

152.7 

0. 

127.9 

405.7 

400.3 

3 

198.8 

204.3 

417.0 

283.2 

198.8 

158.2, 

0. . 

129.3 

366.5 

364.2 

4 

201.7 

210.0 

392.3 

258.2 

201.7 

160.8 

,0. 

135.1 

336.5 

337.1 

5 

201.9 

211.2 

388.1 

253.9 

201.9 

161.2 

0. 

136.4 

331.4 

332.6 

6 

202.0 

212.4 

383.8 

249.7 

202.0 

161.6 

0. 

137.8 

326; 3 

328.0 

7 

202.0 

215.6 

379.4 

245.4 

202.0 

162.0 

0. 

139.2 

321.2 

323.5 

8 

201.9 

215.0 

375.0 

241.2 

201.9 

162.5 

0. 

140.8 

316.1 

319.0 

9 

200.0 

224.2 

347.7 

216.9 

200.0 

165.3 

0. 

151.5 

284.4 

291.9 

10 

192.9 

241,9 

307.5 

187.6 

192.9 

168.6 

0. . 

173.5 

259.4 

255.7 

11 

190.6 

248,1 

296.8 

181.1 

190;6 

169.0 

0. 

181 .7 

227.5 

246.7 

HJB 

183.0 

255.2 

284.9 

175.6 

188.0 

169.3 

0. 

191.0 

214.1 

237.7 


' A3S .MACH NO 

REL MACH NO 

MERIO MACH NO STREAMLINE SLOPE MERID 

PEA< ,SS 

RP, 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

OUT 

VEL R MACH NO 

TIP 

0.542 

0.553 

1.594' 

0.878 

0.542 

0.404 

-5,69 

-8,84 

0,814 

1.5S2 

1 

0.558 

0.554 

1.376 

0.878 

0.558 

0,416 

-5.12 

-7,72 

0,813 

1,549 

2 

0.571 

0.55S 

1 .557 

0.872 

0.571 

0.426 

-4,46 

-6.60 

0.810 

1.539 

3 

0.605 

0.575 

1.270 

0.797 

0.605 

0.445 

-0.98 

-2,24 

0.796 

1.519 

4 

0.615 

0.594 

1.196 

0.730 

0.615 

0.455 

2.14 

0.87 

0.797 

1,509 

5. 

0.615 

0.597 

r. 183 

0.718 

0.615 

0.456 

2.70 

1.39 

0.799 

1,508 

6 . 

0.616 

0.601 

1.170' 

0.707 

0.616 

0.457 

3.28 

1.92 

0.800 

1.507 

7 

0.616 

0.605 

1.157 

0.695 

0.616 

0.459 

3.86 

2.44 

0:802 

1,506 

8 

0.615 

0.609 

1 .143 

0.683 

0.615 

0.460 

4.46 

2.97 

0.805 

1.506 

9 

0.609 

0.633 

1.059 

0.617 

0.609 

0.470 

8.45 

6.33 

0.826 

1.501 

10 

0.505 

0.695 

0.954 

0.537 

0.586 

0.483 

15.38 

11.44 

0.874 

1.467 

11 

0.579 

0.712 

0.901 

0.520 

0.579 

0.485 

17.58 

12.87 

0.887 

1.431 

HUB 

0.570 

0.734 

0.864 

0.505 

0.570 

0.487 

20.23 

14.35 

0.901 

1.379 


PERCENT INCIDENCE 

DEV 

D-EACT 

EEF 

LOSS coErr 

LOSS PARAM 

RP 

SPAN 

MEAN 

SS 




TOT 

PROr 

TOT 

PROF 

TIP 

0. 

2.5 

-0.0 

4.8 

0.425 

0.728 

0.212 

0.119 

0.038 

0.021 

1 

5.00 

2.8 

-0.0 

4.4 

0.413 

0.774 

0.171 

0.085 

0.031 

0.015 

2 

10.00 

3.0 

0.0 

4.0 

0.407 

0.813 

0.140 

0.058 

0.025 

0.010 

3 

50.00 

4.1 

-0.0 

2.9 

0.424 

0.884 

0.088 

0.024 

0.017 

0.004 

4 

45.00 

4.9 

0.0 

2.7 

0.449 

0:914 

0.069 

0.016 

0.013 

0.003 

5 

47.50 

5.1 

0.0 

2.7 

0.453 

0.918 

0.067 

0.016 

0.013 

0.003 

6 

50.00 

5.2 

0.0 

2.7 

0.458 

0.921 

0.065 

0.016 

0.013 

0.003 

7 

52.50 

5.4 

0.0 

2.8 

0.462 

0.924 

0.063 

0.016 

0.0 1‘2 

0.003 

8 

55.00 

5.5 

-0.0 

2.8 

0.467 

0.927 

0.062 

0.016 

0.012 

0.003 

9 

70.00 

6.3 

0.0 

3.5 

0.492 

0.942 

0.054 

0.020 

0.011 

0.004 

10 

90.00 

7.3 

0.0 

5.6 

0.519 

0.938 

0.069 

0.052 

0.014 

0.010 

11 

95.00 

7.5 

0.0 

6.3 

0.524 

0.929 

0.084 

0.073 

0.017 

0.014 

HUB 

100.00 

■ 7.6 

-0.1 

7.1 

0.523 

0.917 

0.107 

0.102 

0.020 

0.019 


29 



TABLE Vn. - DESIGN BLADE-ELEMENT PARAMETERS 
FOR STATOR 4 



RADII 

ABS BETAM. 

REL 

BETAM 

TOTAL 

TEMP 

TOTAL PRESS 

RP 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 1 

RATIO 

IN 

RATIO 

TIP 

24.394- 

24.384 

38.3 

0. 

38.3 

0. 

345.2 

1.000 

16.22 

0.983 

1 

23.919 23.908 

36.7 

-0. 

36.7 

-0. 

341.7 

1.000 

16.22 

0.981 

2 

23.453 23.459 

55.7 

0. 

35.7 

0. 

339.1 

1.000 

16.22 

0.982 

3 

' 21.557 21. 63S 

35.5 

0. 

35.5 

0. 

355.0 

1.000 

16.22 

0.989 

4 

20.113 20.265 

36.3 

0. ' 

36.3 

0. 

333.5 

1 .000- 

16.22 

0.988 

5, 

19.872 20.038 

36.5 

0. 

36.5 

0. 

333.3 

1.000 

16.22 

0.987 

6 

19.630 

19.810 

36.7. 

0. 

36.7 

0. 

333.2 

1.000 

16.22 

0.987 

7 

19.338 

19.582 

36.9 

0. 

36.9 

0. • 

333.0 

1.000 

16.22 

0.987 

8 

19.146 

19.355 

37.2 

0. 

37-. 2 

.0. 

332.9 

1.000 

16.22 

0.986 

9 

17.692 

18.004 

38.6 

0. 

38.6 

0. 

332.2 

1.000 

16.22. 

0.984 

10 

15.755 

16.239 

41 .6 

0. 

41.6 

0. 

332.3 

1.000 

16.22 

0.974 

11 

15.273 

15.805 

42.8 

0. 

42.8 

0. 

332.8 

1.000 

16.22 

0.966 

HUB 

14.643 

15.240 

44.4 

-0.. 

44.4 

-D- 

333.5 

1.000 

16.22 

0.953 


ABS VEL 

REL 

VEL 

MERIC 

• VEL 

TANG 

VEL 

WHEa SPEED 

RP 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

OUT 

TIP 

224.5 

177.1 

224.5 

177.1 

176.1 

177. 1 

139.3 

0. 

0. - 

0. 

1 , 

222.9 

176.2 

222.9 

176.2 

178.7 

176.2 

133.3 

-0. 

0. 

0. 

2 ■ 

222.1 

176.0 

222.1 

176.0 

180.5 

176.0 

129.5 

0. 

0. 

0. 

3 

223.4 

179.2 

223.4 

179.2 

181.9 

179.2 

129.6 

0. 

0. 

0. 

4 

226.7 

179.9 

226.7 

179.9 

182.6 

179.9' 

134.3 

0. 

0. 

0. 

5 

227.5 

180.0 

227.5 

180.0 

182.8 

180.0 

135.4 

0. 

0. 

0. 

& 

228.3 

180.2 

228.3 

180.2 

183.0 

180.2 

156.5 

0. 

0. 

0. 

.7 

229.3 

180.4 

229.3 

180.4 

183.2 

180.4 

137.8 

0. • 

0. 

0.- 

8 

230.2 

180.6 

230.2 

180.6 

183.5 

180.6 

139.1 

0. 

0. 

0. 

9 

237.4 

182.3 

237.4 

182.3 

185.4 

182.3 

148.2 

0. 

,0. 

0. 

10 

251,3 

182.5 

251.3 

182.5 

187.8 

182.5 

167.0 

0. 

0. 

0. 

11 

■ 25S.2' 

181,4 

256.2 

181.4 

188.1 

181 .4 

174.0 

0. 

0. ■ 

0. 

WJ3 

263.6 

179.3 

265.6 

179.3 

■ 188.5 

179.3 

184.4 

-0. 

0. 

0. 


- ABS MACH NO 

REL MACH NO 

-HER ID MACH NO STREAMLINE SLOPE MERID PEAK SS 

RP 

IN ■ 

OUT 

IN 

OUT 

IN 

OUT 

IN 

OUT 

VEL R MACH NO 

TIP 

0.626 

0.487 

0.626 

0.487 

0.491 

0.487 

-1.16 

-0.06 

1,006 

0.905 

1 

0.625 

0.487' 

0.625 

0.487 

0.501 

0.487 

-0.70 

0,11 

0,936 

0.SS4 

2 

0.625 

0.488 

0.625 

0.488 

0.508 

0.488 

-0.29 

0.26 

0.975 

0.870 

3 

0,633 

0.501 

0.633. 

0.501 

0.515 

0.501 

1.23 

0.91 

0,935 

0.GS5 

4 

0.644 

0.504- 

0.644 

0.504 

0.519 

0.504 

2.59 

1.54 

0,985 

0.878 

5 

0.647 

0.504 

0.647 

0.504 

0.520 

0.504 

2.84 

1.65 

0.985 

0.882 

6 

0.650, 

, 0.505 

0.650 

0.505 

0.521 

0.505 

3.09 

1.77 

0.985 

0.886 

7 

0.653 

0.506 

0.653 

0.506 

0.522 

0.506 

3.36 

1.89 

0.934 

0.890 

8 

0.656 

0.506- 

0.656 

0.506 

0.523 

0.506 

3.63 

2.01 

0.984 

0.894 

9 

. 0.679 

0.5'12 

0.679 

0.512 

0.530 

0.512 

5.48 

2.81 

0.983 

0.925 

10 

0.723 

0.512 

0.723 

0.512 

0.540 

0.512 

8.68 

4.02 

0.972 

0.992 

.11 

0.738 

0.509 

0.758 

0.509 

0.542 

0.509 

9.65 

4.30 

0.964 

1.017 

HUB 

0.761 

0.502 

0.761 

0.502 

0.543 

0.502 

10.99 

4.64 

0.952- 

1.055 



PERCENT 

INCIDENCE 

DEV 

D-FACT 

EFF 

LOSS COEFF 

LOSS PARAM 

RP 

SPAN 

MEAN 

SS 




TOT 

PROF 

TOT- 

PROF 

TIP 

0. 

6.4 

-0.0 

10.7 

0.455 

0. . 

0.080 

0.080 

0.032 

0.032 

1 

5.00 

6.4- 

0.0 

9.7 

0.441 

0. 

0.082 

0.082 

0.031 

0.031 

2 

. 10.00 

6.4 

-0.0 

9.0 

0.428 

0. 

0.079 

0 . 079 

0.030 

0.030 

3 

30.00 

6.4 

0.0 

8.2 

0.399 

0. 

0.047 

0.047 

0.016 

0.016 

4 

45.00 

6.4 

0.0 

8.0 

0.399 

0. 

0.051 

0.051 

0.017 

0.017 

5 

47.50 

6.4 

0.0 

8.0 

0.399 

0., 

0.052 

0.052 

0.017 

0.017 

6 

50.00 

6.4 

. 0.0 

8.0 

0.400 

0. 

0.053 

0.053 

0.017 

0.017 

7 

52.50 

6.4 

0.0 

8.0 

0.401 

0. 

0.054 

0.054 

0.017 

0.017 

8 

55.00 

6’.4- 

0.0 

8.0 

0.402 

0. 

0.055 

0.055 

0.017 

0.017 

9 

70.00 

6.4 

. 0.0 

7.9 

0.410 

0. 

0.060 

0.060 

0.017 

0.017 

10 

90.00 

6.3 

• 0.0 

8.1 

0.442 

0.- 

0.088 

0.088 

0.023 

0.023 

11 

95.00 

6.3 

■ 0.0 

8.3 

0.458 

0. 

0.111 

0.111 

0.027 

0.027 

HUB ' 

100.00 

. 6.2 

-0.0 

8.5 

0.483 

0. 

0.146 

0.146 

0.035 

0.035 
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TABLE Vm. - BLADE GEOMETRY FOR REFERENCE 


MVR ROTOR 11 



PERCE^IT RADII 

BLADE ANGLES 

DELTA 

CONE 

RP 

SPAN 

R1 

RO 

KIC 

KTC 

ICOC 

INC 

ANGLE 

TIP 

0. 

25.197 

24.816 

64.37 

62.97 

57.71 

2.53 - 

10.431 

1 

5. 

24.623 

24.280 

63.11 

61 .83 

57.26 

2.78 

-9.182 

2 

10 . 

24.060 

23.744 

61.90 

60.58 

56.65 

3.04 

-8.055 

3 

30. 

21.74! 

21.600 

57.36 

54.83 

53.15 

4.13 

-3.095 

t 

45. 

19.960 

19.992 

54.13 

50.29 

48.79 

4.95 

0.651 

5 

48. 

19.658 

19.724 

53.59 

49.49 

47.87 

5.09 

1.291 

6 

50. 

19.556 

19.456 

53.05 

48.68 

46.91 

5.22 

1.955 

7 

55. 

19.052 

19.193 

52.51 

47.86 

45.89 

5.36 

2.581 

S 

55. 

18.747 

18.920 

51.97 

47.02 

44.82 

5.49 

3.232 

9 

70. 

16.871 

17.513 

48.65 

42.07 

36.74 

6.30 

7.403 

10 

90. 

14.202 

15.169 

44.05 

34.00 

20.19 

7.28 

13.919 

1 1 

95. 

13.492 

14.653 

42.82 

31.93 

14.48 

7.49 

15.774 

HUB 

100. 

12.700 

14.097 

41.44 

29.85 

8.02 

7.69 

18.485 


BLADE THICKNESSES 

AXIAL DIMENSIONS 


RP 

TI 

TM 

TO 

ZIC 

ZMC 

ZTC 

ZOC 


TIP 

0.051 

0.152 

■ 0.051 

1.046 

2.059 

2.444 

3.116 


1 

0.031 

0.162 

0.051 

1.002 

2.040 

2.415 

3.156 


2 

0.051 

0.172 

0.051 

0.955 

2.040 

2.381 

3.198 


5 

0.051 

0.215 

0.051 

0.761 

2.027 

2.191 

3.5S3 


4 

0.051 

0.243 

0.051 

0.621 

2.021 

2.003 

3.502 


5 

0.051 

0.254 

0.051 

0.598 

2.019 

1 .967 

3.527 


£ 

0.051 

0.260 

0.051 

0.574 

2.018 

1.950 

3.553 


7 

0.051 

0.265 

0.051 

0.550 

2.017 

1.892 

3.579 


8 

0,051 

0.271 

0.051 

0.526 

2.016 

1.852 

3.606 


9 

0.051 

0.306 

0.051 

0.377 

2.003 

.1 .588 

3.774 


10 

0,051 

0,536 

0.051 

0.147 

1.989 

1.143 

4.050 


< ( 

0.051 

0.570 

0.051 

0.079 

1.985 

1.013 

4.116 


WJ3 

0.051 

0.5S5 

0.051 

0.000 

1.972 

0.861 

4.179 



AERO 

SETTING TOTAL 


X 


AREA 


RP 

CHORD 

ANGLE 

CAK3ER SOLIDITY 

FACTOR 

PHISS 

RATIO 


TIP 

4.634 

62.67 

6.66 

1.293 

0.704 

4.94 

1.040 


I 

4.623 

61.55 

5.85 

1.325 

0.747 

5,04 

1.040 


2 

4,625 

60.55 

5.25 

1.555 

0.799 

5.50 

1,040 


3 

4,616 

55.20 

4.21 

1.492 

I. Dll 

7.12 

1.059 


4 

4.614 

50.85 

5.34 

1.618 

1.110 

8.71 

1.039 


5 

4.615 

50.06 

5.72 

1 .641 

1.122 

8.99 

1.039 


6 

4.615 

49.24 

6.15 

1.665 

1.132 

9.27 

1.059 


7 

4.616 

43.59 

6.62 

1.691 

1.142 

9.55 

1.059 


8 

4.6T9 

47.52 

7.16 

1.717 

1.151 

9.85 

1.059 


9 

4.633 

41.66 

11.91 

1.899 

1.165 

1 1 .30 

1.059 


10 

4.‘716 

50.45 

23.86 

2.249 

1.242 

13.97 

1.040 


11 

4.755 

26.85 

28; 34 

2.367 

1.256 

14.51 

1.040 


HUB 

4.850 

22.79 

33.41 

2.525 

1.251 

14.85 

1.041 
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TABLE IX. - BLADE GEOMETRY FOR STATOR 4 



PERCENT 

RADII 

BLADE ANGLES 

DELTA 

CONE 

RP 

SPAN 

RI 

RO 

KIC 

KTC 

KOC 

INC 

ANGLE 

TIP 

0. 

24.394 

24.384 

31.97 

26.38 

-10.67 

6.38 

-0.151 

1 

5. 

23.919 

25.908 

30.32 

25.41 

-9.67 

6.40 

-0.160 

2 

10. 

23.453 

23.459 

29.26 

24.80 

-9.00 

6.41 

0.092 

3 

50. 

21.557 

21.635 

29.04 

24.96 

-8.21 

6.41 

1.158 

4 

45. 

20.113 

20.265 

29.94 

25.83 

-8.02 

- 6.40 

2.248 

5 

48. 

19.872 

20.038 

30.14 

26.01 

-8.01 

6.39 

2.450 

6 

50. 

19.630- 

19.810 

50.35 

26.20 

-7.99 

6.59 

2.659 

7 

53. 

19.388 

19.582 

30.57 

26.40 

-7.98 

6.39 

2.874 

8 

55. 

19.146 

19.355 

30.81 

26.61- 

-7.97 

6.38 

3.096 

9 

70. 

17,692 

18.004 

32.31 

27.97 

-7.93 

6.56 

4.621 

10 

90. 

15.755 

16.239 

35.44 

30.68 

-8.11 

6.30 

7.232 

11 

95. 

15.273 

15.805 

36.61 

31.66 

-8.25 

6.28 

7.960 

HUB 

100. 

14.643 

15.240 

38.35 

33.10 

-8.48 

6.25 

8.954 


BLADE THICKNESSES 

AXIAL DIMENSIONS 


RP 

TI 

TM 

TO - 

ZIC 

ZMC 

ZTC 

zoc 


TIP 

0.051 

0.279 

0.051 

7.085 

8.897 

8.415 

10.935 • 


1 

0.051 

0.279 

0.051 

7.068 

8.901 

8.355 

10.935 


2 

0.051- 

0.279 

0.051 

7.056 

8.902 

8.275 

10.953 


3 

0.051 

0.279 

0.051 

7.047 

8.898 

8.167 

10.928 


4 

0.051 

0.279 

0.051 

7.052 

8.896 

8.121 

10.926 


5 

0.051 

0.279 

0.051 

7.053 

8.895 

8.115- 

10.925 


S 

0.051 

0.279 

0.051 

■ 7.055 

8.894 

8.108 

10.925 


7 

0.051 

0.279 

0.051 

7.056 

8.894 

8.102 

10.924 


8 

0.051 

0.279 

0.051 

7.057 

8.893 

8.096 

10.924 


9 

0.051 

0,279 

0.051 

7.066 

8.886 

8.057 

10.919 


10 

0.051 

0.279 

0,051 

7,095 

8.880 

8.025 

10.916 


11 

0.051 

0,279 

0.051 

7,106 

8.876 

8.022 

10.914 


WJB 

0.051 

0,279 

0,051 

7,123 

8.871 

8,020 

10.911 



AERO 

SETTING TOTAL 


X 


AREA 


RP 

CHORD 

ANGLE 

CAH3ER SOLIDITY 

EACTOR PHIS5 

RATIO 


TIP 

4.053 

15.81 

42.63 

1.270 

0.600 

10.33 

1.194 


1 

4. 055 

14.90 

40.00 

1.295 

0.600 

9.41 

1.184 


2 

4. 055 

14.33 

38.27 

1.320 

0.600 

8.77 

1. 1 76 


3 

4.054 

14.15 

37.26 

1.454 

0.600 

8.05 

1.157 


4 

4. 055 

14.54 

57.95 

1.555 

0.600 

■ 7.92 

1.141 


5 

4.05S 

14.64 

39.14 

1.553 

0.600 

7.92 

1.138 


6 

4.057 

14.74 

58 .-34 

1.572 

0.600 

7.91 

1.135 


7 

4,058 

14.84 

33.55 

1.591 

0.600 

7.91 

1.132 


8 

4.058 

14.95 

33.78 

1.611 

0.600 

7,91 

1.-129 


9 

4.0G5 

15.67 

40.-24 

1.740 

0.600 

7.92 

1.106 


10 

4.083 

17.19 

43.55 

1.950 

0.600 

8.18 

1.077 


11 

4.088 

17.76 

44.86 

2.010 

0.600 

8.35 

- 1.070 


HUB 

4.098 

18.62 

46.83 

2.095 

0.600 

8.62 

1.061 
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table X. - DESIGN BLADE-ELEMENT PARAMETERS FOR fflCH 


MVR ROTOR 19 



RADII 

ABS 

BE TAM 

REL 

BETAM 

TOTAL 

TEMP 

TOTAL 

PRESS 

RP 

IN OUT 

IN 

OUT 

IN 

OUT 

IN 

RATIO 

IN 

RATIO 

TIP 

25.088 Zi.Ul 

0. 

40.4 

67.8 

60.9 

288.2 

1.189 

10.13 

1 .601 

1 

2A.477 23.926 

-0. 

39.1 

66.4 

59.9 

288.2 

1.180 

10.13 

1 .601 

2 

23.910 23.405 

0. 

38.2 

65.2 

58.8 

288.2 

1.174 

10.13 

1.601 

3 

21.602 21.319 

0. 

37.6 

61.0 

53.8 

288.2 

1 .161 

10.13 

1 .601 

i 

19.229 19.233 

0. 

38.8 

57.4 

47.3 

288.2 

1.155 

10.13 

1.601 

5 

18.927 18.972 

0. 

39. 1 

57.0 

46.3 

288.2 

1 . 154 

10.13 

1 .601 

6 

18.623 18.711 

0. 

39.3 

56.6 

45.3 

288.2 

1 .154 

10.13 

1.601 

7 

18.317 18.451 

0. 

39.6 

56.2 

44.2 

288.2 

1 . 154 

10.13 

1.601 

8 

18.010 18.190 

0. 

39.8 

55.7 

43.1 

288.2 

1.153 

10.13 

1.601 

9 

16.759 17.147 

0. 

41.0 

54.0 

38.0 

288.2 

1 . 152 

10.13 

1.601 

10 

14.106 15.061 

0.. 

■ 44.2 

50.3 

24.2 

288.2 

1.152 

10.13 

1.601 

1 1 

13.399 14.540 

0. 

45.4 

49.2 

19.5 

288.2 

1.154 

10.13 

1.601 

HUB 

12.700 14.018 

0. 

46.6 

48.1 

14.3 

288.2 

1.156 

10.13 

1 .601 



ABS 

VEL 

REL 

VEL 

MERID VEL 

TANG VEL 

WHEEL 

SPEED 

RP 

IN 

OUT 

IN 

OUT . 

IN 

OUT 

IN 

OUT 

IN 

OUT 

TIP 

172.9 

204.4 

456.9 

320.0 

172.9 

155.5 

0. 

132.6 

423.0 

412.2 

1 

180.3 

204.8 

450.3 

316.8 

180.3 

158.9 

-0. 

129.3 

412.7 • 

403.4 

2 

186.2 

205.8 

444.1 

312.3 

186.2 

161.7 

0. 

127.4 

403.1 

394.6 

3 

201 .6 

212.2 

416.3 

284.9 

201.6 

168.1 

0. 

129.5 

364.2 

359.4 

4 

206.9 

220.5 

384.6 

253. 1 

206.9 

171 .7 

0. 

138.3 

324.2 

324.3 

5 

207.1 

221.8 

380.4 

249. 1 

207.1 

172.1 

0. 

139.8 

319.1 

319.9 

6 

207.2 

223.1 

376.2 

245. 1 

207.2 

172.5 

0. 

141.4- 

314.0 

315.5 


207.1 

224.4 

371.9 

241 .2 

207.1 

173.0 

0. 

143.0 

308.8 

3II.1 

8 

207.0 

225.8 

367.5 

237.3 

207.0 

173.4 

0. 

144.6 

303.6 

306.7 

9 

205.4 

232.0 

349.3 

222.4 

205.4 

175.2 

0. 

152.1 

282.5 

289.1 

10 

197.6 

249.3 

309.2 

195.8 

197.6 

178.7 

0. 

173.8 

237.8 

253.9 

1 

195.0 

255.2 

298.4 

190.3 

195.0 

179.3 

0. 

181 .6 

225.9 

245.1 

H'J3 

192.2 

262.0 

287.8 

185.8 

192.2 

180.0 

0. 

190.4 

214.1 

256.3 


ABS MACH NO 

REL MACH NO 

MERID MACH NO STREAMLINE SLOPE MERID 

PEA< SS 

RP 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

OUT 

VEL R MACH NO 

TIP 

0.522 

0.568 

1.379 

0.890 

0.522 

0.453 

-8.47 

-13.65 

0.900 

1,580 

I 

0.545 

0.572 

1.362 

0.885 

0.545 

0.444 

-7. 76 

-12.10 

■ 0.881 

1,571 

2 

0.564 

0.577 

1.346 

0.875 

0.564 

0.455 

-6.99 

-10.43 

0.868 

1,563 

3 

0.614 

0.599 

1.269 

0.805 

0.614 

0.475 

-2.92 

-4.61 

0.834 

1 .549 

4 

0.632 

0.626 

1.175 

0.719 

0.632 

0.488 

2.00 

0.49 

0.830 

■1.548 

5 

0.633 

0.630 

1.162 

0.708 

0.633 

0.489 

2.67 

1.11 

0.831 

1.545 

6 

0.633 

0.634 

1 . 149 

0.697 

0.635 

0.491 • 

5.35 

1.75 

0.853 

1.542 


0.633 

0.639 

1.136 

0.686 

0.633 

0.492 

4.05 

2.37 

0.835 

1 .541 

8 

0.632 

0.643 

1 . 122 

0 . 676 

0.632 

0.494 

4.76 

• 3.00 

• 0.838 

1.539 

9 

0.627 

0.663 

1.066 

0.635 

0.627 

0.500 

7.82 

5.59 

0.853’ 

1.539 

10 

0.601 

0.717 

0.941 

0.563 

0.601 

0.514 

15.57 

11 .31 

0.904 

1.495 

11 

0.593 

0.735 

0.907 

0.548 

0.593 

0.517 

17.73 

12.89 

0.920 

1 .454 

HUB 

0.584 

0.756 

0.874 

0.536 

0.584 

0.519 

20.23 

14.54 

0.936 

1 .412 


PERCENT 

INCIDENCE 

DEV 

DTrAcf 

Err 

LOSS coErr 

LOSS PARAK 

RP 

SPAN 

MEAN 

SS 




TOT 

PROP 

TOT 

PRO" 

TIP 

0. 

2.4 

-0.1 

4.1 

0.409 

C.762 

0.179 

0 . 0S5 

0.033 

0.016 

I 

5.00 

2.8 

-0.0 

4.0 

0.404 

0.799 

0.150 

0.060 

0.028 

O.OI I 

2 

10.00 

3.1 

0.0 

3.7 

0.401 

0.828 

0.126- 

0.041 

0.024 

0.008 

3 

30.00 

4.2 

-0.0 

2.8 

0.419 

0.695 

0.079 

0.008 

0.016 

0.002 

4 

50.00 

5.3 

-0.0 

2.6 

0.450 

0.928 

0.058 

0.001 

0.012 

O.OOQ 

5 

52.50 

5.4 

-0.0 

2.7 

0.455 

0.951 

0.057 

0.002 

0.012 

0.000 

6 

55.00 

5.6 

0.0 

2.7 

0.459 

0.935 

0.055 

0.003 

0.011 

0.001 

7 

57.50 

5.7 

0.0 

2.8 

0.465 

0 . 9^6 

0 . 054 

0.003 

0.011 

0.001 

8 

60.00 

5.9 

0.0 

2.8 

0 . 46t 

0 . 959 

0.052 

0.C04 

0.011 

0.001 

9 

70.00 

6.4 

0.0 

3.3 

0.480 

0.947 

0.049 

0.007 

0.010 

0.002 

10 

90.00 

7.4 

-0.0 

5.4 

0.497 

0.945 

0 . 062 

0.041 

0.013 

0.008 

II 

95.00 

7.6 

-0.0 

6.1 

0.497 

0.956 

0.076 

0 . 062 

0.015 

0.012 

HL'B 

100.00 

7.8 

0.0 

6.9 

0.494 

0.925 

0.094 

0.087 

0.018 

0.017 
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TABLE XI. - DESIGN BLADE-ELEMENT PARAMETERS 
FOR STATOR 16 



RADII . 

ABS BETAM ■ 

REL 

BETAM ■ 

TOTAL 

TEMP 

TOTAL 

PRESS 

RP 

IN OUT 

IN 

OUT 

IN 

OUT 

IN 

RATIO 

IN 

RATIO 

TIP 

23.812 23.812 

33.2 

0. 

33.2 

0. 

342.7 

1.000 

16.22 

0.969 

I 

23.382 23.334 

32.5 

-0. 

32.5 

-0. ■ 

340.1 

1.000 

16.22 

0.975 

2 

22.938 22.911 

32.1 

0. 

32.1 

0. ■ 

338.2 

1.000- 

16.22 

0.980 

5 

21.173 21 .202 

32.7 

0. 

32.7 

0. 

334.5 

1.000 

16.22 

0.986 

i 

19.347 19.475 

34.3 

0. 

34.3 

0. 

332.8 

1..000 

16.22 

0.984 

5 

19.117 19.280 

34.5 

0. 

34.5 

0. . 

332.7 

1.000 

16.22 

0.984 

6 

18.888 19.045 

34.7 

0. 

34.7 

0. ■ 

332.6 

1.000 

16.'22 

0.983 

7 

18.855 18.831 

35.0 

0. 

35.0 

0. 

332.4 

1.000 

16.22 

0.983 

8 

18.424 18.618 

35.2 

0. 

35.2 

0. 

332.3 

1 . 000. 

. 16.22 

0.983 

9 

17.498 17.769 

38.3 

0. 

36.3 

0. 

331 .9 

1.000 

16.22 

0.981 

10 

15.647 16.115 

39.2 

0. 

39.2 

0. ■ 

332.1 

1.000 

16.22 

0.972 

11 

15.186 15.712 

40.3 

0. 

40.3 

0. 

332; 5 

1.000 

• 16.22 

0.966 

HUB 

14.735 15.240 

41.4 

-0. 

41.4 

-0. . 

333.0 

1.000 

16.22 

0.957 



ABS 

VEL 

REL 

VEL 

MERID VEL 

• TANG VEL ■ 

WHEEL 

, SPEED 

RP 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

OUT 

IN 

OUT 

TIP 

249.7 

190.8 

249.7 

190.8 

209.1 

190.8 

136.6 

0. 

0. 

0. 

1 

, 246.6 

194.0 

246.6 

194.0 

207.9 

194.0 

132.5 

-0. 

0. 

0. 

2 

244.3 

196.3 

244.3 

196.3 

206.9 

196.5 

130.0 

0. 

0. 

0. 

3 

' 241.4 

200.5 

241 .4 

200.5 

203.1 

200.5 

130.4 

0. 

0. 

0. 

4 

244.2 

201 .6 

244.2 

201 .6 

201.8 

201.6 

137.5 

0. 

0. ■ 

0.' 

5 

245.0, 

201 .9 

245.0 

201.9 

201 .9 

201.9 

158.8 

0. ■ . 

0. 

0 . 

6 

245. 8 

202.1 

245.8 

202.1 

201.9 

202.1 

140.1 

0. 

0. 

0. 


246.6 

202.4 

246.6 

202.4, 

202.0 

202.4 

141.4 

0. 

0. 

0. 

8 

247.5 

202.7 

247.5 

202.7 

202.2 

202.7 

142.8 

0. 

0. 

■ 0. 

9 

251.9 

204.3 

251.9 

204.3 

203.0 

204.3 

149. 1 

0. 

0. 

0. 

10 

264.6 

206.6 

264.6 

206.6 

205.0 

206.6 

167.3 

0. 

0. 

0. 

11 

269.1 

206.7 

269.1 

206.7 

205.4 

206.7 

173.9 

0. 

0. 

0. 

HUB 

274.1 

206.6 

274.1 

206. S 

205.7 

206.6 

181.2 

-0.. 

0. 

0. 


ABS MACH NO 

- REL MACH NO 

MERID MACH NO 

streaml 

INE SLOPE 

MERID 

PEA< SS 

RP 

IN 

OUT- 

IN 

OUT 

IN 

OUT 

IN 

OUT 

VEL R 

MACH NO 

TIP 

0.706 

0.528 

0.706- 

0.528 

0.591 

0.528 

-1.33 

0.05 

0.913 

0.961 

I 

0.699 

0.540 

0.699 

0.540 

0.589 

0.540 

-1.10 

-0.00 

0.933 

0.942 

2 

0.694 

0.548 

0.694 

0.548 

0.588 

0.548 

-0.85 

0.00 

0.949 

0-.929 

3 

0.689 

0.564 

0.689 

0.564 

0.580 

0.564 

0.53 

0.47 

0.937 

0.915 

4 

0.700 

0.569 

0.700 

0.569 

0.578 

0.569 

2.46 

1.30 

,0.999 

0.931 

5 

0.702 

0.570 

0.702 

0.570 

0.579 

0.570 

2.74 

1.42 

,1.000 

0.935 

6 

0.705 

0.571 

0.705 

0.571 

0.579 

0.571 

5. 04 

1 .55 

1.001 

0.939 

7 

0.708 

0.572 . 

0.708 

0.572 

0.580 

0.572 

3.34 

1.68 

1.002 

. 0.943 

8 

0.711 

0.573 

0.71 1 

0.573 

0.581 

0.575 

3 . 66 

1.82 

1.003 

0.959 

9 

0.725 

0.578 

0.725 

0.578 

0.584 

0.578 

5.06 

2.42 

1.006 

,1.013 

10 

0.766 

,0.585 

0.766 

0.585 

0.593 

0.585 

8.59 

3.85 

1.008 

1.137 

11 

0.780 

0.585 

0.780 

0.585 

0.595 

0.585 

9.66 

4.21 

1.006 

1.178 

HUB 

0.795 

0.584 

0.795 

0.584 

0.597 

0.584 

10.79 

4.65 

1.004 

1.224 


PERCENT 

INCIDENCE 

DEV 

O-PACT 

EFF 

LOSS COEFF 

LOSS PARAM 

RP 

' SPAN. 

MEAN 

■ SS 




TOT " 

PROF . 

TOT 

PROF , 

TIP 

0. 

6.6 

-0.0 

8.2 

0.451 

0. 

0.116 

0.116 

0.046 

0.045 

1 

5.00 

6.6 

0.0 

7.8 

0.421 

0. 

0.089 

0.089 

0.034 

0.034 

2 

10.00 

6.6 

-0.0 

7.5 

0.398 

0. 

0.073 

0.073 

0.028 

0.028 

3 

30.00 

6. 6 

0.0 

7.2 

0.359 

0. 

0.052 

0.052 

0.018 

Q.0I8 

4 

50.00 

6.6 

0.0 

7.2 

0.554 

0. 

0 . 058 

0.053 

0.018 

0.018 

5 

52.50 

6.6 

0.0 

7.2 

0.555 

0. 

0.053 

0.058 

0.019 

0.019 

6 

55.00 

6.6 

0.0 

7.2 

0.356 

0. 

0.059 

0.059 

0.019 

'0.019 


57.50 

6.6 

0.0 

7.1 

0.556 

0. 

• 0.060 

0 . 060' 

0.019 

0.019 

8 

60.00 

6.6 

0.0 

7. 1 

0.356 

0. 

■ 0.061 

0.061 

0.019 

0.019 

9 

70.00 

6.5 

0.0 

6.9 

0.360 

0. 

0.063 

0 . 065 

0.018 

0.018 

10 

90.00 

6.4 

0.0 

6.8 

0.582 

0. 

0.087 

0.087 

0.023 

0.023 

11 

95.00 

6.4 

0.0 

6.9 

0.393 

0. 

0.105 

0.103 

0.026 

-0.026 

HUB. 

100.00 

6.4 

0.1 

6.9 

0.406 

0. 

0.130 

0.130 

0.032 

,0.032 
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TABLE Xn. - BLADE GEOMETRY FOR HIGH 
MVR ROTOR 19 



PERCENT RAD 11 

SLADE ANGLES 

DELTA 

CONE 

RP 

SPAN R 1 

RO 

KIC 

KTC 

KOC 

INC 

ANGLE 

TIP 

0. 25.088 

24..i<!7 

64.62 

62.17 

56.39 

2.55 

-17.424 

1 

5. 2i.iT! 

23.926 

65.10 

60.79 

55.67 

2.82 

-14.384 

2 

10. 23.910 

23.405 

61 .74 

59.42 

54.90 

3.08 

-12.669 

3 

30. 21.S02 

21.319 

56.75 

53.37 

50.92 

4.18 

-6.094 

i 

50. 19.229 

19.233 

52.16 

46.69 

44.64 

5.30 

0.076 

5 

53. 18.927 

18.972 

5i.60 

45.90 

43.61 

5.44 

0.841 

6 

55. 18.623 

18.711' 

51.04 

45.12 

42.53 

5.58 

1 .608 

7 

58. 18.317 

18.451 

50.48 

44.50 

41.40 

5.72 

2.390 

8 

60. 18.010 

18.190 

49.91 

43.48 

40.22 

5.86 

3.177 

9 

70. 16.759 

17.147 

47.66 

40.01 

34.70 

6.41 

6.425 

10 

90. M.106 

15.061 

43.08 

32.44 

18.55 

7.40 

13.722 

1 1 

95. 13.599 

14.540 

41.88 

30.52 

13.15 

7.61 

15.792 

HUB 

100. 12.700 

14.018 

40.70 

28.65 

7.18 

7.79 

17.622 



BLADE 

thicknesses 

AXIAL DIMENSIONS 

RP 

T| • 

tm 

TO 

ZIC 

ZMC 

ZTC 

zoc 

TIP 

0.051 

0.152 

0.051 

1.067 

2.031 

2.428 

5.106 

1 

0.051 

0.163 

0.051 

1.009 

2.052 

2.399 

3.156 

2 

0.051 

0.173 

0.051 

0.956 

2.053 

2.366 

3.206 

3 

0.051 

0.216 

0.051 

0.751 

2.029 

2.182 

3.400 

4 

0.051 

0.260 

■ 0.051 

0.556 

2.026 

1.913 

3.601 

5 

0.051 

0.266 

0.051 

0.533 

2.025 

1.875 

3.627 

6 

0.051 

0.271 

0.051 

0.510 

2.025 

1.835 

3.652 


0.051 

0.277 

' 0.051 

0.487 

2.024 

1.794 

3.678 

8 

0.051 

0.283 

0.051 

0.463 

2.022 

1.752 

5.704 

9 

0.051 

0.5C6 

0.051 

0 . 564 

2.015 

1 . 566 

3.813 

15 

0.051 

0.357 

0.051 

0.134 

1.987 

1.114 

4.047 

11 

0.051 

0.371 

0.051 

0.068 

1.976 

0.984 

4.100 

KU3 

0.051 

0.386 

0.051 

0.000 

1.964 

0.850 

'4.150 


AERO , 

SETTING 

total 


X 


AREA 

RP 

CHORD 

ANGLE 

CAMBER 

SOLIDITY 

factor 

PHISS 

RATIO 

TIP 

4.625 

62. 14 

8.22 

1.508 

0.725 

6.00 

1 .041 

1 

4.584 

60.73 

7.43 

1.326 

0.765 

6.10. 

1.039 

2 

4.578 

59.38 

6.85 

1.555 

0.810 

6.33 

1.039 

3 

4.559 

53.77 

5.83 

1.488 

1.012 

8.03 

1.040 

4 

4; 550 

47.41 

7.52 

1.657 

1.174 ■ 

10.36 

1.042 

5 

4.550 

46.56 

7.99 

. 1.681. 

1.179 

10.59 

1.041 

6 

4.550 

45.70 

8.51 

1.707 

1.181 

10.80 

1.040 

7 

4.552 

44.80 

9.08 

1.754 

1.187 

11.04 

1.059 

8 

4.553 

43.87 

9.69 

1.762 

1.192 

11.28 

1.03S 

9 

4.566 

39.76' 

12.96 

1.886 

1.217 

12.32 

1.035 

10 

4.650 

28.87 

24.54 

2.255 

1.277 

14.52 

1.030 

1 1 

4.691 

25.45 

28.73 

2.351 

1.289 

14.94 

1.028 

HUB 

4.739 

21.75 

33.52 

2.484 

1.500 

15.29 

1.025 
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TABLE Xm. - BLADE GEOMETRY FOR 


STATOR 16 



PERCENT 

RADII 

BLADE ANGLES 


delta 

CONE 

RP 

SPAN 

RI 

RO 

KIC 

KTC 

LOC 

INC 

ANGLE 

TIP 

0. 

23.812 

23.812 

26.57 

22. 

91 

-s, 

24 

6.59 

0. 

057 

1 

5. 

23.362 

23.334 

25.91 

22. 

51 

-7 , 

79 

6.59 

-0. 

433 

2 

10. 

22.938 

22.911 

25.55 

22. 

31 

-7. 

51 

6.59 

-0. 

402 

3 

30. 

21.173 

21.202 

26.10 

22. 

92 

-7, 

17 

6.59 

0. 

427 

4 

50. 

19.347 

19.475 

27.70 

24. 

33 

-7. 

16 

6.57 

1 . 

931 

5 

53. 

19.117 

19.260 

27.94 

24. 

55 

-7, 

17 

6.57 

2. 

161 

6 

55. 

18.886 

19.045 

28.20 

24. 

74 

-7. 

17 

6.57 

2. 

401 

7 

58. 

18.655 

18.831 

28.45 

24. 

75 

-7, 

14 

6.56 

2. 

654 

8 

60. 

18.424 

18.618 

28.70 

24. 

68 

-7. 

10 

6.55 

2. 

918 

9 

70. 

1 7.498 

17.769 

29.81 

24. 

24 

-6. 

92 

6.51 

4. 

085 

10 

90. 

15.647 

16.115 

32.91 

24. 

46 

"5 , 

82 

6.41 

/ . 

029 

1 1 

95. 

15.186 

15.712 

34.00 

24. 

75 

-6, 

6b 

6.37 

7. 

890 

HUB 

100. 

14.735 

15.240 

35.21 

25. 

1 1 

-6. 

94 

6.34 

7. 

603 



BLADE 

THICKNESSES 

AXIAL DIMENSIONS 


RP 

TI 

TM 

TO 

ZIC 

ZKC 

ZTC 


zoc 

TIP 

0.051 

0.279 

0.051 

7.529 

9.359 

8.689 

1 1 

.338 

1 

0.051 

0.279 

0.051 

7.524 

9.360 

8.645 

1 1 

.337 

2 

0.051 

0.279 

0.051 

7.521 

9.361 

8.610 

1 1 

.338 

3 

0.051 

0.279 

0.051 

7.523 

9.360 

8.548 

1 1 

. 336 

4 

0.051 

0.279 

0.051 

7.534 

9.358 

8.515 

1 1 

.335 

5 

0.051' 

0.279 

0.051 

7.535 

9.357 

8.511 

1 1 

.555 

6 

0.051 

0.279 

0.051 

7.536 

9.356 

8.506 

1 1 

. 354 


0.051 

0.279 

0.051 

7.536 

9.555 

8.498 

1 1 

.334 

8 

0.051 

0.279 

0.051 

7.536 

9.355 

8.488 

1 1 

. 334 

9 

0.051 

0.279 

0.051 

7.554 

9.356 

8.446 

1 1 

.334 

10 

0.051 

0.279 

0.D51 

7.538 

9.555 

8.389 

1 1 

.334 

11 

0.051 

0.279 

0.051 

7.542 

9.352 

8. 380 

1 1 

.353 

HUB 

0.051 

0.279 

0.051 

7.546 

9.351 

8.574 

1 1 

.333 


AERO 

SETTING 

TOTAL 


X 



AREA 

RP 

CHORD 

ANGLE 

CAMBER 

solidity 

r AC TOR 

PHISS 


RATIO 

TIP 

3.958 

12.95 

34.81 

1 .270 

0.600 

7.92 


1.103 

1 

3.958 

12.58 

■ 33.70 

1.295 

0.600 

7.50 


1.100 

2 

3.959 

12.38 

33.06 

1.519 

0.600 

7.23 


1.097 

3 

3.958 

12.61 

33.27 

1 .427 

0.600 

6.95 


1.088 

4 

3.950 

13.38 

34.86 

1 .559 

0.600 

7.01 


1.075 

5 

3.961 

13.50 

55.11 

1 .577 

0.600 

7.02 


r. 072 

6 

3.962 

13.61 

35.37 

1.596 

0.602 

7.07 


1.070 

7 

3.962 

13.62 

35.59 

1.615 

0.618 

7.27 


1.069 

6 

3.963 

13.60 

55.81 

1.635 

0.641 

7.55 


1.069 

9 

3.968 

13.40 

36.73 

1.719 

0.749 

8.91 


1.070 

10 

3.986 

13.66 

39.73 

1.918 

0.923 

11.46 


1.068 

1 1 

3.994 

13.87 

40.86 

1.975 

0 . 962 

12.20 


1.069 

HUB 

3.991 

14.14 

42.15 

2.034 

0.999 

1 2.-98 


1.07! 
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TABLE XIV. - LOSS IN STALL PRESSURE RATIO DUE TO TIP RADIAL DISTORTION 


Stage 

Meridional 

velocity 

ratio 

Rotor speed, 
percent of 
design 

Magnitude 

of 

distortion, 

DM 

Rotor 

Stage 

Stall pressure ratio 

Pressure 

ratio 

para- 

meter, 

APRS, 

percent 

Stall pressure ratio 

Pressure 

ratio 

para- 

meter, 

APRS, 

percent 

Undistorted 

flow 

Distorted 

Row 

Uhdistorted 

flow 

Distorted 

flow 

19-16 

High 

100 



WM 

5.4 

■SB 

WM 

4.9 



70 


WSBM 

mgm 

1.9 


wmm 

1.4 



100 

.09 



3.4 

mSBm 

■MB 

2.1 



70 

.03 

mSSM 

1.258 

.9 

1.245 

in 

.4 

11-4 

Reference 

100 


1.68 


mgm 

BBI 

mmm 

4.4 



70 


1.279 



WSBM 

m 

.8 

20-17 

Low 

100 



WBM 

6.1 

MEM 

ISl 

5.3 



70 




1.6 

mmm 

m 

1.0 



100 

.09 

1.664 

1.615 

1.8 


1.592 

1.6 



70 

.04 

1.271 

1.259 

.9 

u 

1.248 

.3 


TABLE XV. - LOSS IN STALL PRESSURE RATIO DUE TO CIRCUMFERENTIAL DISTORTION 


Stage 

Meridional 

velocity 

Rotor speed, 
percent of 
design 

Rotor 

Stage 

Stall pressure ratio 

APRS, 

percent 

Stall pressure ratio 

APRS, 

percent 

Undistorted 

flow 

Distorted 

flow 

Undistorted 

flow 

Distorted 

flow 

19-16 

High 

100 

1.666 

1.584 

4.9 

1.599 

1.504 

5.9 



70 

1.274 

1.271 

.2 

1.249 

1.25 

-.1 

11-4 

Reference 

100 

1.701 

1.60 

5.9 

1.638 

1.564 

4.5 



70 

1.287 

1.29 

-.2 

1.262 

1.274 

-1.0 

20-17 

Low 

100 

1.672 

1.572 

6.0 

1.626 

1.534 

5.7 



70 

1.274 

1.279 

1 

-.4 

1.254 

1.262 

-.6 
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stage Meridional 
velocity 
ratio 

20-17 Low 

11-4 Reference 

19-16 High 

Distortion 

Instrument measuring planes; 


screen- 




Pressure ratio, P 3 /P^ Pressure ratio, P 2 /P 



Distortion screen and backup screen assembiy. 


Magnitude of 
distortion, 
DM 


Equivalent 
rotor speed, 
N/Ve, 

% of design 


Equivalent weight flow, wVSS, kg/sec 
(b) Stage. 

Figure 6. - Overali performance for undistorted and tip radialiy distorted inlet flows for low MVR stage 20-17. 





Pressure ratio, P 3 /P 1 Pressure ratio, Pp/Pj 



Magnitude 

of 

distortion, 
~ DM 

O 0 
_0 .16 



Equivalent 
rotor speed, 
N/Ve, 

% of design 



100 



Equivalent weight tiovr, W^/8I5, kglsec 


(bl Stage. 

Figure 7. - Overall performance for undistorted and tip radially distorted inlet 
flows for reference MVR stage 11-4. 



Equivalent weight ftow, Wv/§ 6 . k^sec 
lb) Stage. 

Figure 8 . - Overall performance for undlstorted and tip radially distorted inlet flows for high MVR 
stage 19-16. 
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Figure 9.,- Radial distributions in low MVR rotor 20 with tip radially distorted and undistorted flows. Desigi 



Percentof span from tip 

Figure 10. - Radiai distributions in reference MVR rotor 11 with tip radiaily distorted and undistorted flows. Design speed; magnitude of distortion, 0. 16. 




BUS. near stall 
Distortion, near stall 



Percent of span from tip 

Figure 11. - Radiai distributions in high MVR rotor 19 with tip radially distorted and undistorted flows. Design speed; magnitude of distortion, 0.09. 









Figure 13. - Correlation of blade-element parameters with incidence angle for 
tip radially distorted and undistorted flows in rotor 11. 10 Percent of span 
from tip; design speed. 
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Total temperature Total pressure ratio. Meridional velocity ratio. Loss coefficient, ui Incidence angle. Deviation angle, 

ratio, TjfTi ■ Pj/P, ijs. deg £P. deg 


101 






□ □ -D 


(a) 10 Percent of span 

Diffusion ^ctor. D 

(b) 30 Percent of span from tip. ' (0 70 Percent of span from tip. 

(d) 90 Percent of span 

from tip. 


from tip. 


figure 14. * 8lade-efemer?t performance of rotor 20 at design speed. 









Totaltemperature ratio. Total pressure ratio. P2/P2 Meridional velocity ratio. Loss coefficient. Incidence angle. Deviation angle 










Pressure ratio, pyPj Pressure ratio. P 2 fPj 



la) Reference MVR ib) Stator 4. 

rotor 11. .. : 


Figure 17. - Effect of tip radial distortion on streamline slope for rotor 11 and stator 4. 
Equivalent rotor speed. 100 percent of design; equivalent weight flow, 29.52 kilo- 
grams per second. 



Equivalent weight floiN, wVb/s, kgisec 

(a) Low MVR stage 20-17. (b) Reference MVR stage 11-4. (c) High MVR stage 19-16. 

Figure 18. - Overall performance with undistorted and 9CP circumferentially distorted inlet flow. 


:^50 



Absolute tangential velocity, V0. m/sec 







Rotor-outlet axial Stator-outlet axial velocity. Rotor-inlet pressure. Rotor-outlet pressure. Pp. Nfcm^ Stator-outlet pressure, P3. N/cm 

velocity, V^3, m/sec Pj, N/cm^ 




stator-inlet absolute i Stator suction-surface incidence Rotor-inlet suction-surface Rotor -outlettotal Rotor-inlet axial 

Mach number angle, ijj, deg incidence angle, ijj. deg temperature, Tp, K velocity, V^j, m/sec 








Mear -stall !luw / Near-stall flow 



Circumferential location, 6, deg 

Figure 22 . - Exit-total-pressure distributions at three flow rates for 90° circumferential distortion. Magnitude of distortion, 0. 13. 




Undistorted 

Distorted 



Rotor 

outlet 




I 

No change; 
in AV 0 


Ic) Hub with turning 
to axiai. 


Figure 23 . - Effect of velocity triangles on response to inlet distortion. 



No distortion, near staii 
Distortion, near staii 



Percent of span from tip 

Figure 24, - Radiai distributions of seiected fiow parameters with radially distorted and undistorted fiows in iow MVR rotor 20. Design speed; magnitude 
of distortion, 0. 18. 















Diffusion factor. 0 


(a) 10 Percent of span from tip. 


(b) 30 Percent of span from lip. (cl 70 Percent of span from tip. 

Figure 27. - UawMVR rotor 20 blade-element performance at 70 percent of design speed. 


(dl 90 Percent of span 
from tip. 
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